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INFRA-RED ABSORPTION SPECTRA OF STEROIDS 
III. PROGESTERONE AND PREGNANE DERIVATIVES* 
By ROBERT F. FURCHGOTT, HARRIS ROSENKRANTZ, anv 
EPHRAIM SHORR 


(From the Russell Sage Institute of Pathology, the De partment of Vedicine. Cornell 
University Medical College, and The New York Hospital, New York 


(Received for publication, August 21, 1946 


The pregnane derivatives, whose infra-red absorption spectra are pre- 
sented in this paper, have a Cy,-methyl group and either a keto or hydroxy] 
group at Coo. Although the adrenal cortical steroidal hormones are also 
pregnane derivatives, their absorption spectra will be reserved for presen- 
tation in a separate communication. As in the studies on androgens (1) 
and estrogens (2), the absorption spectra in this paper will be discussed in 
relation to the chemical structures of the compounds under investigation 


Methods 


Absorption spectra were obtained with the Hardy infra-red spectropho- 
tometer, with the use of the same techniques which were employed in the 
study of androgens (1). All samples were studied as solid films, deposited 


on rock salt plates by methods previously described. Six of the samples 
were prepared from pyridine solutions and one from a methanol solution; 
two were prepared by melting the samples on heated rock salt plates and 
allowing them to solidify on cooling. 


EXPERIMENTAL 


The spectra of the following pregnane derivatives! are presented in this 
paper: progesterone, A°*-pregnenol-3(8)-one-20, A'*-pregnenol-3(a)-one- 
20-acetate-3, allopregnanol-3(8)-one-20 (Fig. 1); allopregnanedione, preg- 
nanedione, allopregnanediol-3(8) ,17(8)-one-20, pregnanediol-3(a) ,20(a@) 
(Fig. 2); sodium pregnanediol glucuronidate (Fig. 3). 


Analysis of Spectra 


O—H, C—-H, and CH; Absorption—Those pregnane derivatives contain- 
ing hydroxyl groups give strong absorption bands as a result of the linear 


*Aided by a grant from the Josiah Macy, Jr., Foundation. 

' We wish to express our gratitude to the following for donating crystalline samples 
of the steroids studied in this work: Dr. Erwin Schwenk of the Schering Corporation 
for progesterone, A’-pregnenol-3(8) -one-20, allopregnanedione, pregnanedione, and 
pregnanediol-3(a) ,20(a); Dr. R. E. Marker of the Pennsylvania State College for 
4"-pregnenol-3(a)-one-20-acetate-3; Dr. 8. Cook of Ayerst, McKenna and Harrison 
for sodium pregnanediol glucuronidate; Dr. J. J. Pfiffner of Parke, Davis and Com- 
pany for allopregnanediol-3(8) ,17(8)-one-20. 
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vibration of O—H linkages. These bands occur between 2.80 and 29] 


u, Which is the same W ave-length region in which most androgens CONtainigy| 
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gen bonding on the location of these hydroxyl bands. The pregnane 
derivatives also give C—H absorption bands in the same regions in which 
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they appear in the androgen series (1). A strong band resulting from the 
linear vibration of the C—H linkages occurs near 3.35 u, while absorption 
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resulting from the angular vibration of these linkages occurs between 6.75 
and 7.00 nu. The absorption in this latter wave-length range has been pp. 


solved into two bands in all the spectra presented here, except those of preg. 


nanediol-3(a@) ,20(@) and sodium pregnanedio] glucuronidate in which it ap. 
pears as a single band. The characteristic absorption band of methy 
groups (3, 1) is found between 7.21 and 7.24 u in all the spectra. 

=O Absorption—-The C;-keto groups in pregnanedione and allo. 
pregnanedione account for the bands at about 5.75 u in the spectra of thes 


two compounds. This is the same wave-length at which the absorption | 


band of the C3-carbonyl of androstanedione-3 ,17 appeared to occur (| 
however, in the spectrum of the latter compound, the assignment of th 
wave-length to the C3-keto group was less certain because of the merging of 


the absorption bands of the carbony] groups at C; and Cyr. Conjugation ¢ 
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the C3-keto group with a A* double bond in progesterone shifts the ab- 
sorption band up to 5.97 wu. This is the same wave-length at which the 
absorption bands appear for the conjugated C3-carbonyls of testosterone 
testosterone propionate, and androstenedione-3 ,17 (1). 

The most frequently occurring carbonyl] in the present series is the w- 


conjugated Cyo-keto group, which is present in progesterone, A®°-pregnenol- | 


3(8)-one-20, pregnanedione, allopregnanedione, allopregnanol-3(@)-one- 
20, and allopregnanediol-3(8) ,17(8)-one-20. The absorption band arising 
from this carbony] in all of the above compounds occurs between 5.84 and 
5.87 wu. This is a fortunate situation, since this range is at a higher wave 
length than that of unconjugated keto groups on the steroid nucleus and a 
a lower wave-length than the range of absorption of conjugated ketones 
Infra-red analysis, therefore, permits the differentiation of unconjugated 
(2o-keto groups from other ketones commonly encountered in the steroidal 
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hormones. However, when a Cgo-keto group is conjugated with a A 
double bond, as in A’*-pregnenol-3(a)-one-20-acetate-3, the absorption 
band of the carbony! is shifted to 5.97 u. This is the same wave-length 
of absorption given by C3-keto groups when conjugated with a A* double 
bond. 

A™-Pregnenol-3 (@)-one-20-acetate-3 also gives an absorption band at 
5.75 uw. This band apparently results from the unconjugated ester car- 
bonyl group of that compound, since 3(a)-acetoxyetiocholanone-17 and 
testosterone propionate, both of which have a similar ester group, also give 
hands at that wave-length (1). 

In this discussion of absorption by carbony] groups, the bands resulting 
from absorption by the ionized carboxyl group of sodium pregnanediol 
glucuronidate should be considered. Edsall concluded from his findings 
on the Raman spectra of the sodium salts of carboxylic acids in aqueous 
solution that the ionized carboxy] group has two characteristic frequencies 
4). The first occurs near 1400 em.~! (7.15 uw) and the second near 1580 
em. (6.33 «). An inspection of the infra-red absorption curve of sodium 
pregnanediol glucuronidate reveals a strong band at 7.08 u and another at 
6.16 u. These correspond to the lines in the Raman spectra which Edsall 
attributed to vibrations of ionized carboxyl groups. Since the carboxy] 
group of sodium pregnanediol glucuronidate is in the structural configura- 

—Q 


tion —C—COO~, it is of interest to compare its absorption bands with the 
taman lines given by sodium lactate, in which the same configuration 
occurs. Two of the Raman lines of sodium lactate, determined by Peychés 
5), and attributed by Edsall to vibrations of the ionized carboxyl group, 
oceur at 1411 cm.~! (7.09 ») and 1605 to 1630 em. (6.23 to 6.144). The 
wave-lengths of these lines agree remarkably well with wave-lengths (7.08 
and 6.16 «) of the two strong absorption bands of sodium pregnanediol 
glucuronidate under discussion. 

On the basis of Edsall’s interpretation of the Raman spectra, the band at 
7.084 in the absorption spectra of sodium pregnanediol glucuronidate prob- 
ably results from a symmetrical valence vibration of the ionized carboxy] 


Oo 
hy 


\O 
as & result of resonance. On the same basis, the band at 6.16 «4 may arise 
from an asymmetrical valence vibration of such an ionized carboxyl group. 

However, there is the possibility that in the crystal lattice of sodium 


group, in which the two C—O bonds are practically equivalent (C 


* We are grateful to Dr. J. T. Edsall for calling our attention to the data on the 
Raman spectra of sodium salts of carboxylic acids, and for his helpful suggestions on 
the interpretation of the infra-red bands resulting from ionized carboxyl groups. 
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salts of certain carboxylic acids the position of the Nat ion is closer to on | 

of the oxygens of the COO~ group than to the other. The polarizatig | 

resulting from the positive ion would cause the carboxyl group to approag 
0 


more closely the asymmetrical structure —C—-O 
The degree of asymmetry would depend on the resonance between th 
two configurations 


O(n) O (1) 
G 7 
CG and C i 
\ \ | 
O()Nat O;pNa* 


(in which the Nat is closer to Og), the former being the more stable 

If a structure such as that proposed exists in the solid film of sodiup 
pregnanediol glucuronidate, the band at 7.08 u might be attributed to th | 
linear (or stretching) vibration of the C—O bond nearer the Na* ion, whi | 
would more closely resemble a single bond linkage, and the band at 6.) 
uw might be attributed to the linear vibration of the other C—O bond, whied 





would more closely resemble a double bond linkage. The suggested asym. 
metry of the carboxyl group under discussion would be less than that in| 

O 

I | 
esters, since the grouping —C—O— in esters gives rise to a C=O band new 
5.75 w and a C—O band near 8.00 u. Although, even in the case of ester 
the asymmetry would not be complete because of resonance between the 
two structures 


O O- 

! 

oO—O and C=O0*— 
(see the subsequent discussion of C—O absorption). In relation to the 
general question of absorption by ionized carboxyl groups, it is of interest 
that sodium acetate in a crystalline film has been found to give strong it- 
fra-red bands at 6.33 and 7.04 uw (unpublished data). 

C=C Absorption—The A‘ double bond of progesterone conjugated with 
the C; ketone gives rise to a band at 6.21 «4. This is in reasonably good 
agreement with the 6.19 uw bands given by the similarly conjugated # 
double bonds of testosterone, testosterone propionate, and androstenedion® | 
(1). However, the A’ double bond conjugated with a C2-keto group it 


3 For a discussion of resonance in carboxylic acids and esters see Pauling’s mono 


graph ((6) p. 202 








ab 


r tO on | 
rization ' 
)proac} 


PEN the 


sodium 
to the | 
whieh | 
it 6.1! 
which 


stable i | 


asyn- 
hat in | 


i 
d near | 
esters | 
on the 


to the 
terest 
ng in- 


with 
Zo000 
ed A 
dione 
up in 


none 








FURCHGOTT, ROSENKRANTZ, AND SHORR 633 


A'*-pregnenol-3(a)-one-20-acetate-3 gives rise to a band at & somewhat 
higher wave-length, namely 6.26 u. It has already been pointed out that 
this conjugated Coo ketone absorbs at the same wave-length as conjugated 
C; ketones (5.97 u). Therefore, the wave-length of absorption of the C=C 
may be of value in differentiating a A'® conjugated C2» ketone from a con- 
jugated C; ketone (see above). 

C—O Absorption—In the study of androgens (1), it was shown that the 
bands, which appear to result from the C—O absorption of alcoholic hy- 
droxyls attached to the steroid nucleus, occur in the region 9 to 10 x. 
On the basis of cross-comparisons of absorption spectra, the C—O absorp- 
tion bands of certain types of alcoholic hydroxyls (as defined by positions 
and steric configurations) were tentatively assigned to specified wave- 
length ranges in the 9 to 10 u region. Certain of the relationships pointed 
out in the study of androgens (1) are confirmed in the present study. 

A®-Pregnenol-3(3)-one-20 gives a strong absorption band at 9.42 u, which 
jis within the 9.40 to 9.45 uw range assigned to a C;-(8)-hydroxyl ac- 
companied by a A’ double bond. Allopregnanol-3(8)-one-20 gives a strong 
band at 9.47 u, which is within the 9.45 to 9.55 uw range assigned to a C;- 
(8)-hydroxy] trans to a Cs-hydrogen. Allopregnanediol-3(8) , 17(8)-one-20 
also has a C;-(8)-hydroxyl trans to a Cs-hydrogen and gives a band at 
9.47 uw. This compound also contains a C-;;(8)-hydroxyl group, but at 
present it cannot be decided whether this grouping gives rise to the 9.36 
u band or contributes, along with the C;-(8)-hydroxyl, to the 9.47 » band. 

Pregnanediol-3(a) ,20(a@) would be expected to give a band in the 9.45 
to 9.55 u range because of its C3-(@)-hydroxy] trans to the Cs-hydrogen. A 
strong band is found in its spectrum at 9.55 u. With respect to the Coo- 
hydroxyl in this compound, it is here again impossible with the spectra at 
hand to decide what band arises from its C—O linkage. However, the 
band at 9.30 » seems a likely possibility, since sodium pregnanediol glucuron- 
idate, which also has a Coo-hydroxyl, gives a band very close to that wave- 
length (9.27 «). It must be admitted, however, that the presence of many 
C—O linkages in the glucuronide residue of the latter compound throws 
some doubt on the use of the spectrum of the compound for the purpose of 
cross-comparisons in the present series. 

Finally, attention should be called to the C—O linkages in A'*-pregnenol- 

| 
ree. The ester grouping includes both a —C—O and 
ie linkage. The first linkage, with the carbon having one double 
bond attached to it, should give rise toa band near 8.0 u (1-3). It prob- 
ably accounts for the band at 7.95 u, or the band at 8.08 yu, or for both 
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bands. The second linkage, with the carbon having only single bonds. 
would be expected to absorb in the 9 to 10 u region. The band which prob- 
ably results from this linkage is the only strong band in the spectrum of 
this compound in that region and occurs at 9.70 u. From our previous 
findings (1), the C—O linkage of the unesterified alcohol group of A’. 
pregnenol-3(a)-one-20 would be expected to absorb in the 9.45 to 9.55 4 
range. Therefore, it appears that esterification may shift to higher waye- 
lengths the absorption of the C—O linkage in question. Additional eyj- 
dence for this has now been provided by a further analysis of the previously 
reported spectra of 3(a)-hydroxyetiocholanone-17 and 3(a)-acetoxyetio- 
cholanone-17 (1). In the 9 to 10 uw region, the unesterified compound gaye 
its strongest band at 9.47 uv, while in the acetylated derivative the strong- 
est band was present at 9.65 yu. 

In connection with the absorption of C—O bonds, in esters, it is of in- 
terest that the concept of resonance (6) helps explain why a C—O bond in 


~ 


the configuration —-C—O absorbs in the region of 9.5 u, whereas a C—O 


O 
II 
ii 


bond in the configuration —-C—-O absorbs near 8.00 u. In the latter case 
the C—O linkage is not a simple single bond linkage, but acquires some 
double bond character as a result of resonance between the structures 

O O- 

! 

C—O and C=O*—. Therefore, the band resulting from the 
vibration of the C—O linkage occurs at a wave-length significantly below 
the 9.5 » region. 

Other Absorption Bands—In the spectra of the androgens it was shown 
that testosterone, testosterone propionate, and androstenedione, all of 
which have the structural configuration (A), gave a major absorption 


A Jon 
ON 


oO HO 
\) B 


band between 11.49 and 11.56 w (1). In the present series, progesterone, 


which has the same structural configuration, gives a major band at 11.56 
u. It will be noted that A'-pregnenol-3(a)-one-20-acetate-3, which also 
has a conjugated ketone, but in a different structural configuration, gives 
no major band near 11.50 xu. 

Also in the spectra of the androgens, those compounds having the struc- 
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tural configuration (B) were found to give a major band near 11.90 u 
(dehydroisoandrosterone, 11.94 uw, and androstenediol-3(8) ,17(@), 11.96 yw). 
In the present series, the one compound with this configuration, namely 
A®-pregnenol-3(@)-one-20, gives a major absorption band at 11.88 uy. 

At the present time no common absorption band or series of bands has 
been found in the spectra of the pregnane derivatives which distinguishes 
them as a class from the other steroids. However, those pregnane deriva- 
tives having an unconjugated Czo-keto group and no hydroxyl at Coe, 
appear to give two absorption bands in common which “characterize” 
their spectra. First there is the Cyo-carbonyl band, already discussed, 
which occurs between 5.84 and 5.87 uw. Secondly, there is a band which 
occurs uniformly in the range 7.35 to 7.39 uw. This band is of medium to 
strong intensity and occurs just after the methyl band (7.21 to 7.24 y). 
The spectra of those compounds in the present series which do not have an 
unconjugated C2o-keto group (pregnanediol-3(a) ,20(a@), sodium pregnane- 
diol glucuronidate, and A'*-pregnenol-3(a)-one-20-acetate-3) have no band 
in the region of 7.35 to 7.39». Why an unconjugated C2-carbony] should 
cause an absorption band in this region has not as yet been determined. 
It may possibly result from some steric effect of the ketone on the vibration 
of the Cy- or C2-methyl group. 


SUMMARY 


1. The infra-red absorption spectra of progesterone and eight pregnane 
derivatives have been presented. 
2. Certain absorption bands in the spectra have been discussed in re- 
lation to the chemical structure of those compounds. 
O 
| 
3. Those pregnane derivatives containing a —-C—-CHy group at Cy, 
in which the carbonyl is unconjugated, give two characteristic bands: 
one between 5.84 and 5.87 y, arising from the carbonyl absorption, and the 
other between 7.35 and 7.39 u. 


BIBLIOGRAPHY 


1. Furehgott, R. F., Rosenkrantz, H., and Shorr, E., J. Biol. Chem., 168, 375 (1946). 

2. Furchgott, R. F., Rosenkrantz, H., and Shorr, E., J. Biol. Chem. 164, 621 (1946). 

3. Barnes, R. B., Gore, R. C., Liddell, U., and Williams, V.Z. Infra-red spectros- 
copy, industrial applications and bibliography, New York (1944). 

Edsall, J. T., J. Chem. Phys., 5, 508 (1937). 

. Peychés, I., Bull. Soc. chim., 2, 2195 (1935) 

. Pauling, L., The nature of the chemical bond, Ithaca, 2nd edition (1940). 


oo ao 


an 






































STUDIES ON THE MERCAPTURIC ACID 
SYNTHESIS IN ANIMALS 


XV. ON THE MECHANISM OF INHIBITION OF GROWTH OF 
RATS BY BENZYL CHLORIDE* 


By JAKOB A. STEKOLT 


(From the Department of Chemistry, Fordham University, New York, 
and the Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville) 


(Received for publication, September 19, 1946) 


We reported some time ago that benzyl chloride, when fed to various 
species of animals, is excreted in the urine as N-acetyl-S-benzyl-l-cysteine 
(benzylmercapturic acid) which was isolated and identified by analysis (2). 
In view of the similarity in the metabolism of benzyl chloride and halo- 
genated benzenes and naphthalene, in that all undergo conjugation with 
cysteine and subsequent acetylation, it appeared desirable to extend the 
comparative study of the metabolism of benzyl chloride. It has been 
demonstrated on several occasions that halogenated benzenes (3) or naph- 
thalene (4) inhibits the growth of rats when fed to the animals on casein 
diets and that this growth inhibition is promptly alleviated by the admin- 
istration of either /-cystine or dl-methionine. 

The theory that this growth inhibition may be due to the interference 
with cystine (or methionine) utilization by the growing animal because of 
excessive losses of cysteine for the mercapturic acid formation (3) appears 
to be amply supported by available experimental data (5). The validity 
of this theory rests on the quantitative relationship between the dietary 
sulfur amino acids, the extent of the mercapturic acid formation from the 
administered substance, and the rate of growth of the experimental animal. 
Although a variety of substances have been shown to inhibit the growth of 
rats on low casein diets, the above theory obviously does not apply if the 
evidence for the mercapturic acid formation from the administered sub- 
stance is conclusively negative. A similar opinion has been expressed by 
Elson et al. (6) as a result of investigations conducted under somewhat dif- 
ferent conditions. 

The growth inhibition by the substances mentioned above could be as- 
cribed to the “‘toxicity’’ of these compounds to the growing animal, and the 
subsequent alleviation of the inhibitory effect by the sulfur-containing 


* Some of the data presented here have been reported (1). 
t Present address, Amino Products Research Division, International Minerals 
and Chemical Corporation, Rossford, Ohio. 
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amino acids could be ascribed to the “‘detoxication”’ of these substances by 
the amino acids in vivo. We felt, however, that additional data were neces. 
Sary to support this interpretation. In discussing the so called ““detoxica- 
tion mechanisms,” we advanced the view that unless the toxic effects of a 
substance are either absent or at least reduced in the detoxication product 
the conjugation could hardly be called a detoxication reaction (7). We 
emphasized the idea that many detoxication reactions are common meta- 
bolic functions of the animal organism which hardly justify special segrega- 
tion into a group of reactions peculiar only to “foreign”’ substances. This 
view gained support (8) and was reemphasized (9). 

To evaluate properly the mechanism of inhibition of growth by benzy! 
chloride in young rats, it appeared imperative to investigate the inhibitory 
properties of all the compounds which could conceivably originate from 
benzyl chloride tn vivo as intermediary metabolic products. The final 
excretion product, benzylmercapturic acid, could not a priori be considered 
a detoxication product of benzyl chloride unless it was free of the physio- 
logical properties of benzyl chloride which cause the inhibition of growth. 

In the present study we investigated the inhibition of growth of young 
rats by benzyl chloride, benzoic acid, S-benzyl-l-cysteine, N-acetyl-8- 
benzyl-l-cysteine, and benzoyl chloride. The last substance was included 
in the present study in order to ascertain the effect of purely physical char- 
acteristics of the substance (objectionable taste and odor) on food con- 
sumption and growth performance. Benzoyl chloride was chosen because 
it, like benzyl chloride, is a lacrimator and is extremely irritating to the 
skin, but, unlike benzyl chloride, it yields in the rat only hippuric acid.! 
Benzoic acid could conceivably originate from benzyl chloride in a side 
reaction and its inclusion in the present study was motivated by this pos- 
sibility. S-Benzyl-l-cysteine is, on the other hand, probably an inter- 
mediary substance in the transformation of benzyl chloride to benzylmer- 
capturic acid, inasmuch as direct experimental evidence was obtained to 
show that this substance is acetylated in the organism of the rat (2). 


EXPERIMENTAL 


The experimental procedure employed in the present study was similar 
to the one used by us previously (3, 4). The diet consisted of commercial 
casein 10, sucrose 15, corn-starch 51, yeast powder 5, inorganic salts (10) 4, 
lard 10, and cod liver oil 5 per cent. This diet (referred to in Tables I and 
II as Diet C-10) and water were ingested ad libitum. Benzyl chloride, 
benzoyl chloride, benzoic acid, dl-methionine, and /-cystine were commer- 
cial products of established purity. dl-Homocystine was prepared from dl- 
methionine (11); d-cystine was obtained by the resolution of di-cystine 


! Stekol, J. A., unpublished data 
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which was prepared from /-cystine (12). S-Benzyl-l-cysteine and its acetyl- 
ated derivative were prepared by benzylation of the reduction product of 
L-eystine in liquid ammonia with metallic s dium and subsequent acetyla- 
tion of S-benzyl-l-cysteine with acetic anhydride (13). All the substances 
were of correct composition and had the correct specific rotation. 

Male albino rats, born and raised in the laboratory, were used. -They 
were kept in individual metabolism cages and fed the basal diet for several 
weeks. The weight and food consumption records were made twice a week. 
After a preliminary period on the basal diet, each group of rats received, 
mixed with the food, either benzyl chloride, benzoy] chloride, benzoic acid, 
S-benzyl-l-cysteine, or N-acetyl-S-benzyl-l-cysteine, and the experiments 
were continued as before. Whenever growth inhibition was observed, sup- 
plements of either dl-methionine, /-cystine, dl-homocystine, d-cystine, or 
taurine were administered, mixed with the diet together with the substance 
which produced the inhibition of growth. The percentage of each sub- 
stance fed with the diet is indicated in Tables I and II. 

The tolerance of benzyl chloride by young rats is definitely limited. An 
attempt to administer 1 per cent in the diet led to refusal by the rats of 
adequate amounts of the diet and very sharp losses in weight. The 
amount of benzyl chloride fed was, therefore, reduced to 0.5 per cent of the 
diet. Although in every case the administration of benzyl chloride re- 
sulted in significant reduction of food consumption, the loss in weight or 
the failure to gain could not be attributed to this factor. Control experi- 
ments (the data are not presented here to conserve space), in which food 
intakes of the basal diet were identical with those shown by rats which in- 
gested benzyl chloride, failed to support the suspicion that the reduced 
food intakes could, perhaps, account for the apparent inhibition of growth 
by benzyl! chloride. 

DISCUSSION 

As will be observed in Table I benzyl chloride promptly inhibited the 
growth of rats, in the majority of cases causing a precipitous loss in weight. 
dl-Methionine, /-cystine, or dl-homocystine not only counteracted the 
growth inhibition effect of benzyl chloride but caused a resumption of 
growth. As was expected, neither taurine nor d-cystine was effective in 
this respect. Neither of the latter substances is available to the rat for 
growth purposes in lieu of l-cystine or methionine (14) and hence neither 
could serve as a replacement for the cysteine which the animal organism 
utilizes for the elaboration of the mercapturic acid from benzyl chloride. 
The effectiveness of dl-homocystine in stimulating the growth of rats which 
ingested benzyl] chloride is undoubtedly due to the formation of methionine 
from homocystine and dietary choline. Our diet was not choline-free. 
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Our earlier experience was that di-homocystine does not augment the syn- | 
thesis of mercapturic acids in the rat (15), thus indicating that homocystine 
cannot be directly metabolized to cysteine without first undergoing trang. 
formation to methionine by methylation. The present status of the prob- 


TABLE I 
Benzyl Chloride in Relation to Growth of Male Rats on Diet C-10* 
Rat chin de E ~ d Initia Tota Day Ga t Supplement to 
No per = gm oat Oe weight gain diet lay Diet C-10 
63 None S.1 ts 6S 28 2.4 Non 
500 2.6 116 16 7 2.0 i 
500 9.6 100 51 14 3 6 l-Cystinet 
500 4.8 151 10 14 0.7 None 
None 9.9 14] 22 l4 1.6 ' 
93 " 5.7 48 51 30 ‘7 
6.6 QY 34 21 1.6 i-Cystinet 
500 5.4 133 5 10 0.5 ae 
500 6.9 128 1) 21 1.9 l-Cystinet | 
64 None 1.3 10) 60 28 2.3 None 
500 o.1 100 13 7 2.0 si | 
500 6.3 S7 26 14 2.0 dl-Methionine}t 
500 1.4 113 2 14 0.9 None 
None 7.9 101] 27 14 2.0 ss 
R88 “ 5.3 13 39 30 1.3 
500 5.0 2 6 10 0.6 
500 6.3 76 29 21 1.4 dl-Homocystine}t 
500 5.0 105 q 10 0.9 None 
90 None 6.3 16 15 30 1.5 ' | 
at 7.4 9] 36 21 Pe Taurinet 
500 5.0 127 10 10 1.0 sa 
500 5.1 117 5 10 0.5 None 
500 6.9 112 20 14 1.4 dl-Methionine} 


* Experiments on each rat are representative of those obtained on six animals 


t 0.400 gm. of the substance per 190 gm. of diet 
t 0.500 gm. of the substance per 100 gm. of diet 


lem of conversion of methionine to cystine in vivo (16) is not in conflict with 
these earlier data and their interpretation. 

The data summarized in Table II show that neither benzoyl chloride, 
benzoic acid, S-benzyl-l-cysteine, nor N-acetyl-S-benzyl-l-cysteine had | 
any apparent effect on the growth rate of the rats. The amounts of the 
substances administered were comparable to those which might have been 
elaborated in the organism of the rat in the course of the transformation 
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of benzyl chloride. We leave the possibility open, however, that toxic 
symptoms could, perhaps, be developed in an animal by the administration 
of larger doses of any of these substances, particularly by massive single 
feeding or via other routes. It is apparent from the data presented that 
the possible intermediary metabolic products of benzyl chloride are devoid 
of the properties of benzyl chloride which cause the inhibition of growth. 
Apparently the objectionable odor and taste of benzyl chloride are not 
significant factors in the cessation of growth, inasmuch as benzoyl chloride, 
equally objectionable in its physical properties, failed to inhibit the growth, 
even when fed in double the concentration of benzyl chloride. 


TABLE II 
Benzoic acid, S-Benzyl-l-cysteine, N-Acetyl-S-benzyl-l-cysteine, and Benzoyl Chloride 
in Relation to Growth of Male Rats on Diet C-10* 


| ood 


pax. | Substancefed | ine. | ast | Total | Dapson | Gain ps 
gm gem gm gm. 
28 None 8.5 43 129 65 2.0 
37 Benzoic acidt 9.8 56 12] 65 1.9 
20 None 8.1 52 37 15 2.5 
S-Benzyl-l-cysteinet 9.1 SY 24 10 2.4 
None 11.3 113 13 22 2.0 
218 = 7.0 51 48 30 1.6 
N-Acetyl-S-benzyl- 6.7 99 20 14 1.4 

l-cysteinet 

None 7.0 119 22 l4 1.6 
96 : 7.0 48 358 21 1.8 
Benzoyl chloridet 7.4 S6 34 21 1.6 
None 8.0 120 36 21 Le 


* Experiments on each rat are representative of those obtained on six animals. 
t 1.0 gm. of the substance per 100 gm. of diet. 


The results obtained warrant the conclusion that the inhibition of growth 
by benzyl chloride in the rat, under the experimental conditions employed, 
is due in part if not solely to the interference by the substance fed with the 
utilization of the sulfur-containing amino acids for growth purposes. Ren- 
dering benzyl chloride relatively harmless to the animal leads to the forma- 
tion and excretion of mercapturic acid. This transformation of benzyl 
chloride and the resulting loss of the cysteine as the mercapturic acid could 
be the main causative factor in the cessation of growth of the rats. In view 
of the observation that none of the possible intermediary metabolic products 
of benzyl chloride, or the final excretion product, benzylmercapturic acid, 








642 EFFECT OF BENZYL CHLORIDE ON GROWTH 


had any effect on the growth of rats, the metabolic transformation of benzyl 
chloride to ben zylmert apturic acid conforms with the definition of a true 
detoxication reaction 

We are fully aware of the need for a quantitative study of the relationship 
between dietary sulfur-containing amino acids, benzylmercapturic acid 
excretion, and the growth inhibition effect of benzyl chloride in young rats 
Such a relationship has been established for bromobenzene (5). Pending 
a similar study with benzyl chloride we cannot assume that the growth in- 
hibition by benzyl chloride is due solely to the loss of cysteme by the rat 
for mercapturic acid formation. Recently Elson et al. (6) studied the 
urinary partition of sulfur in rats in an attempt to correlate the growth in- 
hibition induced by various carcinogenic and non-carcinogenic hydrocar- 
bons with the changes in the partition of urinary sulfur. The data would 
have illustrated more effectively the existence or absence of the relation- 
ship bet ween the growth inhibition and the sulfur metabolism in the rat had 
the authors controlled the food intakes and administered the substances in 


small divided portions instead of peritoneally in a single massive dose. 


SUMMARY 


@ Benzyl chloride, when fed to young rats on a 10 per cent casein diet 
(otherwise nutritionally complete), inhibited the growth. This growth 
inhibition by benzyl chloride was promptly alleviated by the simultaneous 
administration of either /-cystine, dl-methionine, or dl-homocystine. Tau- 
rine or d-cystine was ineffective in this respect. 

2. The probable intermediary metabolic products of benzyl chloride, 
namely benzoic acid, S-benzyl-l-cysteine, as well as the final excretion prod- 
uct, N-acetyl-S-benzyl-l-cysteine, had no effect on the growth of rats 
under similar dietary conditions. 

3. It is concluded that the metabolic transformation of benzyl! chloride 
into benzylmercapturic acid in the rat is a true detoxication reaction. 
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THE GROWTH-PROMOTING ACTIVITY OF CHOLESTEROL 
AND RELATED COMPOUNDS IN BLACK 
CARPET BEETLE LARVAE* 


By HERBERT McKENNIS, Jr. 


From the Department of Chemistry, Medical College of Virginia, Richmond, and the 
Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, October 21, 1946) 


That cholesterol can serve as a growth factor for some of the lower 
animals has been demonstrated in a number of instances. Among insects, 
in particular, cholesterol of the diet has been shown to be a potent growth- 
promoting substance which need be present in only small amounts. In 
view of the sharp contrast between the vitamin character of cholesterol 
in insect nutrition and the powerful ability for synthesis of cholesterol 
among some of the higher animals it was of interest to investigate some 
of the attributes of the sterol molecule relating to growth-promoting 
activity. 

In a study of the sterol requirements of six insects which normally feed 
on flour and other stored foods, Tribolium confusum, Silvanus surinamensis, 
Lasioderma serricorne, Sitodrepa panicea, Ptinus tectus, and Ephestia 
kuehniella, Fraenkel and Blewett (1, 2) found that the requirements could 
be met by both plant and animal sterols. Larval growth in this group 
of flour insects could be supported when the basal diet was supplemented 
by either ergosterol or cholesterol. Gay (3) in 1938 reported that the 
larvae of Dermestes vulpinus, which normally will grow on the hides of 
animals, grew well for a while, but were unable to complete the third 
moult on a yeast diet which was not supplemented with cholesterol. 
Fraenkel and Blewett (1) in their comparative study found that the larvae 
of Dermestes vulpinus did not utilize the plant sterols, ergosterol, zymo- 
sterol, or sitosterol, for growth. Of the animal sterols tried, only cho- 
lesterol, 7-dehydrocholesterol, and its benzoic acid ester were growth- 
promoting. 

Recently Moore (4) has described some of the vitamin requirements of 
two species (5) of black carpet beetle larvae. These omnivorous larvae 
infest wool and other hair products, and a wide variety of dry organic 
material composed, at least in part, of animal matter. In an extension of 
his nutritional studies, Moore (6) noted that commercial cholesterol was 
growth-supporting when added to purified diets. This finding appears to 

* Aided by a grant from the John and Mary R. Markle Foundation. 
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represent an ecological correlation, since cholesterol or some other sik} § 


stance giving a Liebermann-Burchard reaction is present even in sery T 
lously washed hair 7 

The close relationship between Atlagenus and Dermestes, as well as thy ' 
current use of Al/agenus as a test organism for the evaluation of textile } 
protecting agents (8), gave impetus to our investigation of the relationshj 4 
of structure to the activity of cholesterol as a growth-promoting substang f 
for Allagenus “‘yellows.’* Among the structurally related substanee ti 
which have been tested are 8 chol stanol, ( holesterol dibromide, cholesten S 
chloride, 7-hydroxycholesterol, 7-ketocholesteryl acetate, cholester is 
acetate, and 7-dehydrocholesterol. Some aspects of the biological actio t 


of these compounds are reported at this time 


EXPERIMENTAL 


(rrowth Studies 





In general groups of approximately twenty larvae were incubated j 


the dark in vials containing 1.5 gm. of diet (exceptions are noted in Tables 


II to V). The temperature was maintained at 32-33”, and the relatiy 
humidity was 60 per cent. Groups were removed for counting and weigh- 
ing at the pe riods specified and then returned to the same ration. Th | 
average gain in weight of the survivors in each group was then calculated ) 
All diets were fine enough to pass readily 2 No 10 sieve (United States ’ 
Bureau of Standards). Results of the feeding experiments are shown it ( 
Tables Il through V. The groups in each particular table were mn 
simultaneously as a single batch. Since we are dealing with a poikilo- 
thermic organism, the growth differences between intratabular groups 
probably, on account of variations in temperature, assume greater signi- 
ficance than the differences between intertabular groups. , 


Basal Diels—Diet 1-2-1 had the following composition: casein (Labe 
vitamin-free, The Borden Company, Inc.) 22.5 gm., corn-starch 22 gm 
dried debittered brewers’ yeast 5 gm., Wesson salt mixture (without KI 
0.5 gm. The Wesson (9) mixture was employed in the first two diets 
since it supplied a wide variety of inorganic elements and diminishes the 
likelihood ¢ 


contaminates the conventional salt mixtures containing citrates, lactates 


f traces of unwanted active organic material which possibly 


or other organic anions obtains d from biological material. Diet 1-2-2 was 


compounded from casein (Labeo vitamin-free) 10 gm., corn-starch 144 
gm., Wesson salt mixture (without KI) 0.5 gm., and 5 ml. of vitammn 


' These black carpet beetle larvae were supplied by Dr. Warren Moore, Bon Air 
Virginia. They are designated as ‘‘yellows”’ to distinguish them from a similar 
species of darker color In much of the literature both species are in liscriminately 


called Alta jenus piceus Olivier 
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Solution A. The composition of the vitamin solution is shown in Table I. 
This solution contains those B vitamins which, thus far, have been shown 
1) to be essential for the growth of the larvae. After thorough mixing 
of the ration, the moisture content was lowered by heating at 37° for 40 
hours. Both the casein and the corn-starch were extracted for 5 days in 
a Soxhlet apparatus with isopropanol before use in this diet. The chloro- 
form extract obtained by allowing 3 gm. of dried Labco vitamin-free casein 
to stand for 3 minutes at room temperature with 20 ml. of solvent gave a 
slight positive Liebermann-Burchard reaction. After completion of the 
isopropanol extraction no reaction was obtained when the chloroform 
treatment was carried out for as long as 20 minutes. Samples of GBI 
General Biochemicals, Inc.) vitamin test casein which were used in some 
of the subsequent work responded negatively in the test. 

Diet 1-9-1 had the following composition: casein (Labco vitamin-free, 
isopropanol-extracted) 70 gm., dried debittered brewers’ yeast 7 gm., 


TABLE [| 


Composition of Vitamin Solution A 


mg. me. 
Choline chloride 500 Pyridoxine hydrochloride | 5 
Thiamine chloride 10 Biotin | ] 
Riboflavin 5 | Folie acid* | 3 
Nicotinic acid 40 ee 
ae : - o Glycerol | 30 
Calcium pantothenate (dextrorotatory) 12 Be 
Water 20 


* Synthetic folic acid was obtained through the courtesy of Dr. S. M. Hardy, 
Lederle Laboratories, Inc. 


corn-starch (isopropanol-extracted) 21 gm., Salt Mixture 2 (10) 2 gm. 
Diet 1-9-3 had the same composition except that GBI vitamin test casein 
was used directly as received after rejecting that part which would not 
pass a No. 40 sieve. 


Preparation of Compounds 


Cholesierol, Dibromide—Cholesterol was brominated “by the Windaus 
method as modified by Bills, Honeywell, and MacNair (11). The freshly 
prepared compound melted at 105-105.5° with frothing and decomposition, 
in close agreement with the melting point reported by Pirrone (12). After 
recrystallization from chloroform-alcohol (11) no change in melting point 
was noted. 

Purified Cholesterol—Cholesterol was regenerated from the dibromide 
by treatment with KI (13). The resulting material was treated heavily 
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with decclorizing carbon and subjected to five recrystallizations from} eh 
per cent ethanol, m.p. 149-150°. Since it has been shown (11) thy B 
7-dehydrocholesterol can persistently contaminate cholesterol even afte 

two brominations and debrominations, although pure cholesterol has o& ot 
occasion been prepared via the dibromide (14), a solution of the produe in 
was examined in the Beckman spectrophotometer, model DU, for the | m 
presence of impurity. The ethanolic solution was essentially transparent cl 


in the region of 270 to 350 mz and exhibited none of the cl aracterist be 
absorpticn maxima of ergosterol or 7-dehydrocholesterol (15). By addition | _ te 

e . : - | . 
experiments and on the basis of previous data (16), the purified material tr 


if it contained provitamin at all, was contaminated to an extent of less 


than 0.0068 per cent. A sample of high quality commercial c.p. choles. 
terol, employed by us, contained approximately 0.006 per cent 7-dehydro- 
cholesterol as estimated by absorption of the ethanolic solution at 282 m 
The presence of 8-cholestanol is also likely in commercial material (17 


Cholesteryl Chloride—The chloro compound was obtained by reaction of “ 
cholesterol with thionyl chloride (18). After treatment with decolorizing 
earbon and reerystallization from acetone the product melted at 95-96 ' 
in agreement with reported values. : 

Cholesteryl Acetate—The acetate was prepared by refluxing aceti 
anhydride with cholesterol (19). After recrystallization from methanol 
the ester melted at 114-115°. The product was free from unesterified 
cholesterol as demonstrated by testing with digitonin. 

8-Cholestanol—The acetate described above was hydrogenated in th 
usual manner (19). The crude dihydro acetate was treated with aceti 
anhydride and sulfuric acid according to the method of Anderson and 
Nabenhauer (19). The dried purified §8-cholestanol, obtained after 
hydrolysis of the acetate, melted at 142-143° and still gave a faint 
Liebermann-Burchard reaction. P 

DISCUSSION 

Our first experiments were designed to test the response of the organism 
to cholesterol when a diet of casein, corn-starch, mineral mixture, and the 7 
$ vitamins shown to be essential (4) was supplied. In this series larvae | 
on the basal diet showed rather small increases in weight after 3 and 9 weeks > 
Table Il). Commercial c.p. cholesterol supplementation at a level of I 
either 0.33 mg. per gm. of basal diet or 3.3 mg. per gm. caused marked ’ 
stimulation of growth. In some instances better than 10-fold increases ( 
in weight were observed. These observations are in agreement with the I 
findings of Moore (6), who employed diets of different composition. When 
ergosterol was substituted for cholesterol, the pronounced stimulation \ 


was not obtained. If ergosterol had been found capable of replacing 








: from 95 
11) thay 
VEN after 
| has On 
produet 
for the 
nsparent 
icteristi 
additi D 
materia! 
t of less 
. choles. 


lehydro- 


282 my 
lal (17 


ction of 








lorizing | 
95-96 


* acetic 
ethanol 


st erified 


in the 
1 acetic 
on and 
| after 
i faint 


ranism 
nd the 
larvae 
weeks 


vel of | 
rarked 
reases 
th the 
When 
lation 
lacing 





H. MCKENNIS, JR. 649 


cholesterol under these conditions, projected experiments with yeast as a 
B vitamin source would not have been justified. 

In scrutinizing the cholesterol molecule it strikes one, by analogy with 
other work, that the hydroxyl group of cholesterol probably plays an 
important rdle in the metabolism of the molecule. In considering replace- 
ment of the hydroxyl group for test purposes, it was noted that cholesteryl 
chloride, prepared by the reaction of the alcohol with thionyl! chloride, is 
both isomorphic and isosteric (20) with cholesterol. Accordingly, choles- 
tervl chloride was supplied to the cholesterol-deficient diet. No stimula- 
ton of growth was observed at the end of a 3 week period (Table II). 


TaBLe II 
Comparison of Effect of Cholesterol, Ergosterol, and Cholesteryl Chloride on 
Growth of 4 Week-Old Larvae* 
Weights are given in mg.; supplements in mg. per gm. of basal diet; gains for the 
period following the previous weighing. Time is that elapsed from the onset of the 








experiment. 
Aver | -._. | Aver , | Aver- 
—? Supplement to Diet 1-2-2 P< ouume oan wauhe a weaght 
: ot terue 3 wks. | gain of | 9 wks. | gain of 
larva | larva 
4-1 | Ergosterolt 1.0; 25 0.6 25 0.6 | 23 | 0.4 
4-3 - 10.0| 25 | 0.7 | 25 | 0.5 | 24 | 0.2 
4-5 | Cholesterol, c.p. 0.33) 24 0.6 24 | 2.0 24 4.2 
4-7 oF 3.3 | 25 0.6 25 2.1 24 | 4.2 
4-9 | Cholesteryl chloride 3.0} 23 0.6 23 0.2 8 0.7 
4-11 ae 3.0; 25 0.6 25 | 2.4 21 4.0 
Cholesterol, c.p. 1.3 
4-14 | No supplement | 25 | 0.6 | 25 | 0.3 20 | 0.1 











* Newly hatched larvae were grown for 4 weeks on Diet 1-2-1 before the onset 
of the experiment. 

t 1 gm. of diet was supplied to each group. 

t Eastman ergosterol was employed. 





This suggests at least some type of specificity for substituents in the 3 
position in the molecule. The substitution of chlorine for the hydroxy] 
group resulted, moreover, in a toxicity which is most clearly shown by a 
mortality of over 50 per cent at the end of the 9 week period (Table II). 
The final weights of survivors are probably affected by cannibalism. In 
other groups it was found that the toxicity of cholesteryl chloride is not 
manifest in the presence of large amounts of cholesterol. 

For simplicity in compounding the diets in the next series, vitamins 
were supplied in dried debittered brewers’ yeast, and minerals were intro- 
duced in the form of a commercially prepared mixture. Purified cholesterol 
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was added to the basal diet Here the maximal effect ol ulded cholester il 
for the initial 4 week period appeared at the 0.067 mg. per gm. level (Tab m 
IT] Concentrations as high as 50 times this amount did not cause furth ta 
increases in growth during this period. Since the diets of the individ in 
groups were neither replaced nor replenished during the course of th mm 


Compa n of Effect of Cholesterol. Choleste Chlo e. Choleste leetate i tl 


Weights are given in mg.; supplements in mg. per gm. of basal diet; gains fort} cl} 
period following the previous weighing. Time is that elapsed f1 tl nset of t ” 


experiment 


\ ' Ave in 
- ent to Diet 1-9 , ta 
: . a “ Ir 
12-1 Cholesterol, purified, 6.7 « 10~' 20 0.4 20 0.7 20 0.8 
12-2 16 0.4 16 0.7 16 ) 8 
12-3 ‘ 6.7 X 10 20 0.4 20 ‘3 0 | 15 gt 
12-4 20) 0.4 20 1.0 20 1.3 te 
12.5 6.7 xX 10 %~) 0.4 1) | 5 YO , 7 | 
12-6 20 0.4 20 1.6 20 3.8 , 
13-7 ‘ 6.7 * 10 () 0.4 20 1.5 20 +f 
12-8 2) 0.3 20 1.6 9 | 4] “ 
12-9 + 3 20 0.4 20 1.5 20 | 4.5 m 
12-10 %) 0.4 20) 5 20 5.1 Ol 
12-11 | Cholestervyv! chloride, 4.0 20 0.2 20) 0.5 <0) 0.2 in 
12-12 _ ™ t.0 19 0.3 19 0.5 19 0 0 
Cholesterol, purified, 6.7 & 10-4 F 
12-13 | Cholestery! chloride, 4.0 20 U.2 20 1.2 20 2 
Cholesterol, purified, 6.7 K 10 0 
12-15 Cholesteryl chloride, 4.0 20 0.3 20 1.5 20 17 gr 
Cholesterol, purified, 3.3 th 
2-16 tg dibromide, 3.3 20 0.3 20 1.0 20 2.4 ch 
12-18 No supplement 19 0.3 14 0.7 19 0.7 
' m 
12-19 ' - A) 0.2 20) 0.5 1) ()f 
th 
* Newly hatched larvae were grown for 4 weeks on Diet 1-2-2 before the onset ch 
the experime nt st) 
+ 1.5 gm. of diet were supplied to each grou lai 
ie 
tri 
experiment, general statements on the minimal effective concentration ol 
cholesterol cannot be made. The efficacy of as little as 0.0067 mg per gm th 
2 ‘ ; “— 
of diet becomes apparent, however, in an experiment ol this type. ( holes - 
tery] chloride was again found incapable of supporting gr wwth. The or 


relationships which may exist between the toxicity of cholestery! chloride th 
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and the action of cholesterol as a growth factor require further experi- 
mental consideration. That cholesteryl acetate will serve as a growth 
factor in lieu of cholesterol, as was found in another series (Table IV), 
indicates utilization of acetoxy as well as hydroxyl groups in equivalent 
positions on the cholestene molecule. 

Since Simon (21) has reported that when an olive oil solution of choles- 
terol dibromide is injected into rabbits there is deposition of bromine in 
the blood, liver, kidneys, and adipose tissues, but not in the brain, it was 
of interest to test the action of this compound on these larvae. When 
cholesterol dibromide was substituted for cholesterol, growth was sustained 
Table III). A similar result was obtained with groups on the yeast-free 
diet. It is difficult, however, to assess directly the nature of this action 
in view of the tendency of cholesterol dibromide to debrominate spon- 


taneously. 

When 5 week-old larvae were tested on a diet differing in composition 
from that of the previous series only with respect to the processing of the 
easein, less differential between cholesterol groups and non-cholesterol 
groups was Observed (Table IV). In this series it was also possible to 
test the effect of added 8-cholestanol on the growth of the young larvae. 
The compound was found incapable of supporting the growth in lieu of 
cholesterol when the experiment was carried through 6 weeks. The loss 
of activity which followed full hydrogenation of Ring B of the cholesterol 
molecule in this instance parallels the findings of Fraenkel and Blewett 
on other larvae (1). To investigate further the effect of structural changes 
in Ring B, 7-dehydrocholesterol was fed. 7-Dehydrocholesterol at the 
0.67 mg. level did not stimulate growth of larvae on a cholesterol-deficient 
diet during the first half of a 6 week period. Weighings at the end of the 
6 week period indicated some stimulation. The 7-dehydrocholesterol 
groups, an unsupplemented pair, together with a cholesterol group were, 
therefore, followed for an additional 7 week period. The 7-dehydro- 
cholesterol and the cholesterol groups continued to surpass the unsupple- 
mented pair. The effect of the 7-dehydro compound was less pronounced 
than that of cholesterol. The apparent delayed action of 7-dehydro- 
cholesterol in these experiments suggested that a more clean cut demon- 
stration of the growth-promoting effect might be obtained if newly hatched 
larvae were immediately placed on supplemented diets. When this was 
tried, greater differences between control and supplemented groups were 
observed (Table V). But, again 7-dehydrocholesterol was less effective 
than cholesterol. Since the diets are probably not nutritionally complete, 
an over-all comparison of the relative effectiveness of the two compounds 
or conjectures on possible interconvertibility do not appear justified at 
this time. It is of interest, however, that in the studies on Dermestes 
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7 -cle hydr cholesterol was 


| 


promoting ability (1 


t Effect of Choleste 


Weights are given in mg.; sup} 


period following the previ 
‘ 


the experimen 


Group 
+ 


14-1 Cholest« rol, puri 1, 
6.7 X 10-4 

14-2 | Cholesterol, purified, 
14-3 6.7 10-3 

14-4 Cholester: 
14-5 

14-6 Cholest 


6.7 * 107! 


1, purified, 
6.7 X 1072 

purified, 
Cholesterol 


14-7 
14-8 
14-9 | Cholesteryl acetate, 
14- 6.7 X 107! 

14-11 7 


purified, 6.7 


14-12 6.7 X 107! 

14-13 7-Hydroxycholesterol, 
6.7 xX 10~ 

14-14 | 7-Dehydrocholesterol, 

14-15 6.7 X 107 

14-16 | No supplement 

14-17 

14-18 | 8-Cholestanol, 6.7 107 

14-19 

14-20 6.7 10 

14-21 


erol, 7-Dehy 
5 W 


US We 


Ketocholesteryl acetate, 
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‘ighing 


20 
19 


20 


2] 


20 
20 
21 
1S 
19 
19 
19 


20) 
1S 
20 
19 
20 
19 
IS 


19 


lements in 


teryl Acetate 


- Old Larvae* 


mg. per gm ot b i ] li t; gains for th 
Time is that elapsed from the onset 


—_——___ 

Aver- Ay Aver A 

Lk ourvi ag ourvi- uk Survi aze 

\ ve t rs at weight vors at weg 
s.\gain of, 13 wks. gai 

larva irva urva lara 

0.3 22 1.0 22 1.7 

0.4 20 1.4 20 2.4 

0.3 19 1.3 19 | 2.5 

0.3 20 1.3 0 3.2 

0 23 1.3 20 3.3 

0.3 21 1.6 19 3.9 19 | 44 

0.3 20 1.4 20 3.4 

0.3 20 1.4 20 3 

0.3 21 1.3 yA 3.0 

0.3 18 1.2 17 3.1 

0.3 19 0.7 1S 1.4 

0.3 19 0.7 19 1.4 

0.3' 19 | 0.5) 19 |0.9 

0.2 ”) 0.8 0) 2 20 | 5 

0.2 IS | 0.6 IS | 2.6] 18 | 49 

0.3 ) 0.9 ") 1.3 20 | 3.4 

0.3 19 0.8 19 1.6 18 | 3 

0.3 20 1.0} 20 1.6 | 

0.3 19 1.0 19 1.8 | 

).2 18 0.6 18 1.8 

0.3 19 0.9 17 ca 





* Newly hatched larvae were grown for 5 weeks on Diet 1-9-1 before the onset 


the experiment. 


t 1.5 gm. of diet were suppli 
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Neither 7-ketocholesteryl acetate? nor 7-hydroxycholestero]? (mix- 


series. 
ture of 7-a and 7-8 isomers) was found capable of supporting growth under 


the given conditions (Table IV). Both 7-ketocholesteryl acetate and 
7-hydroxycholesterol (isomer not specified) are inactive for Dermestes 
pulpinus 1). The acetate of cholesterol is active for the latter organism as 


well as for Atfagenus ‘‘vellows.” Lassen and Geiger (23) have found that 
both 7-ket xholesterol and 7-a-hydroxycholesterol in common with 7- 
dehydrocholeste rol have provitamin D action in the rat. The contrasting 
lack of growth-promoting activity in studies on insect growth suggests 


TABLE V 
Effect of Cholesterol and 7-Dehydrocholesterol on Growth of Vewly Hatched Larvae 
Weights are given in mg.; supplements in mg. per gm. of basal diet; gains for the 
period following the previous weighing. Time is that elapsed from the onset of 


the experiment 


Group ! : No. of Survivors Average Survivors pes og 
No.* Supplement to Diet 1-9-1 larvae | at 28 days J tec at 52 days , aa 
16-1 | No supplement 18 18 0.4 18 1.6 
16-2 19 19 0.5 19 1.8 
16-3 | Cholesterol, purified, 18 18 0.7 18 4.7 
16-4 6.7 X 107 Is Is 0.7 18 4.6 
16-5 Cholesterol, c.p., 6.7 X 107 21 21 0.7 21 4.2 
16-6 19 19 0.8 18 4.9 
16-7 7-Dehydrocholesterol 21 21 0.6 21 2.8 
16-8 6.7 X 10°! 21 21 0.6 21 3.5 
Supplement to Diet 1-9-3 
16-9 Nosupplement 19 19 0.5 18 £4 
16-10 19 19 0.5 IS 1.3 
16-11 | 7-Dehydrocholesterol, 1.33 16 16 0.6 16 3.5 
16-12 21 21 0.7 21 3.6 
16-13 | Cholesterol, purified, 19 19 U.S 19 5.6 
16-14 | 6.7 x 107 19 19 0.8 18 5.7 


* 1.5 gm. of diet were supplied to each group 
further experimentation. The testing of pure samples of both the 7-a 
and 7-8 epimers of 7-hydroxycholesterol appears advisable, since both 
compounds have been obtained from natural sources. It should be 
emphasized that lack of activity does not of necessity exclude the possibility 
that the substances in question can serve as growth factors in the usual 
sense. Imbalances in the basal diet or complete lack of certain nutrilites 
may perforce limit or completely exclude a response. A more detailed 
investigation of some of the unanswered points is being carried out. 

* These compounds were supplied through the courtesy of Dr. J. Waddell, E. I. 
du Pont de Nemours and Company, Inc. 
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SUMMARY 
The chole stero| requirement of Attaqe US piceUus “We llo 77? WAS INVest 
gated with respect to specificity and relation of sterol structure to hiologies 
activity 
Larvae on supplemented diets which contained casein, salts. stare} 


and vitamins were found to respond in growth studies not only to com. 
‘ 


mercial c.p. cholesterol, which contains dehydrocholest rol, but also t 


purified cholesterol. 7-Dehydrocholesterol was also active as a growt 


promote! Svnthetice 7 hvdroxycholesterol and 7-ketocholesterol as thy 


acetate ester) did not support growth The acetate of cholesterol] Was 


effective in lieu Ol chole sterol. ( holesterol dibromide Was also active 


spontaneous reconversion to cholester 


but may exert its effect via 
3-Cholestanol did not substitute for cholesterol as a growth factor. Choles 


tervl chloride did not support growth and exerted a toxicity which was 


not manifest in the presence of large amounts of cholesterol 


The valuable counsel of Dr. Warren Moore is gratefully acknowledged 


BIBLIOGRAPHY 


1. Fraenkel, G., and Blewett, M., Biochem. J., 37, 692 (1943 

2. Fraenkel, G., and Blewett, M., 7. Exp. Biol., 20, 28 (1943 

3. Gav, F. J., J. Erp. Zool... 79, 93 (1938 

1. Moore, W., Ann. Entomol. Soc. America, 36, 483 (1943 

5. Moore, W., and Moore, M. B., 7. Econ. Entomol.. 35, 288 (1942 

6. Moore, W.. Ann. Entomol. Soc 1 me 

7. Stoves, J. L., Nature, 167, 230 (1946 

8. Heal, R. E., J. Econ. Entomol., 36, 249 (1942 

9. Wesson, L. G., Science, 76, 339 (1932 

10. The pharmacopoeia of the United States of America, twelfth revision, Kastor 
638 (1942). 

11. Bills, C. ] Honeywell, E. M., and MaeNair, W. A.. J. Biol. Chem., 16, 3! 
1o2S 

12. Pirrone, F., Gazz. chim. ital., 62, 1101 (1932); Chem. Abstr., 27, 2690 (1933 

13. Schoenheimer, R., J. Biol. Chen 110, 461 (1935 

14. Hess, A. F., and Windaus, A., Proc. Soc Exp. Biol. and Med., 24, 369 (1927 

15. Hogness, T. R.. Sidwell. A. E.. Jr.. and Zscheile. F. P.. Jr.. J. Biol. Chem.. 1, 
239 (1937 

16. Loefbourow, J. R.,in Harris, R.S., and Thimann, Kk. V., Vitamins and hormones 

New York, 1, 109 (1943 

Fiesser, L. F., The chemistry of natural products related to phe nanthrene, New 

York, 113 (1937 

IS. Diels, O., and Blumberg, P., Ber. chem. Ges., 44, 2847 (1911 

19. Organic syntheses, coll. 2, New York, 191 (1943 

20. Lettré, H., Barnbeck, H., and Lege, W., Ber. chem. Ges., 69, 1151 (1936). 

21. Simon, I., Boll. Soc. ital. biol. sper., 10, 382 (1935); Chem. Abstr., 30, 6816 (1936 

22. Wintersteiner, O., and Ritzmann, J. R., J. Biol. Chem., 136, 697 (1940). 


23. Lassen, 8., and Geiger, E., Proc. Soc. Exp. Biol. and Med., 68, 181 (1943). 


ca.in press 











| 








an 
rhe 
tio 
an: 
rey 
ph 
Ni 
in 
anc 
(1 
cre: 
act 
nu 
(3) 
boc 
Res 
of : 
red 
1 
tow 
nor 
find 
pha 
of ] 
so 1 
four 
com 
seer 
of | 








vest 


le Wieg 


stare! 


D COmM- 


also if 
STOWt! 
as the 
"| Wis 
active 
‘ster 

‘holes. 


h Was 


edged 


16, 251 


)" 


r., 120, 


mones 


» New 











DECREASE OF PHOSPHOCREATINE IN) REGENERATING 
NEURONS* 


By DAVID BODIAN anp ROBERT C. MELLORSt 


(From the Poliom selitis Research Center. De pa tment of E pide miology, 
The Johns Hopkins T nivers 4 /s Baltimore 


Received for publication, November 12, 1946 





























Earlier studies in this Jaboratory have dealt with the striking histological 
and chemical changes which occur in motoneurons of the spinal cord of the 
rhesus monkey after axon section and during the period of axon regenera- 
tio (1-3). The time course of the morphological changes has been 
analyzed, and the characteristics of these changes reviewed in a recent 
report (2). The evidence now at hand indicates that in the cell body the 
phenomenon of chromatolysis, or decrease in basophilic cytoplasmic 
Nissl substance, which occurs soon after axon section and is slowly reversed 
in the course of months, is accompanied by several important biological 
and chemical changes. These may be summarized briefly as follows: 
(1) The decrease of Nissl substance can be directly correlated with a de- 
crease of cytoplasmic pentose nucleoprotein (1). (2) Acid phosphatase 
activity is especially increased in the cell body in the region of greatest 
nucleoprotein turnover (2), but is also increased in the regenerating axon.! 
(3) Cytochrome oxidase and succinic dehydrogenase activity in the cell 
body is decreased during the period of axon regeneration (3, 4). (4) 
Resistance to poliomyelitis virus activity is increased during the period 
of axon regeneration (5). (5) Reflex activity of regenerating neurons is 
reduced as compared with normal (6). 

The present report adds one more bit of evidence which may contribute 
toward our understanding of the complex processes involved in both the 
normal functioning of the neuron and in its regenerative activities. The 
finding of marked change in oxidative metabolism and of increased phos- 
phatase activity in regenerating neurons suggested that the equilibrium 
of important energy-rich phosphate compounds might be shifted enough 
so that a determinable change in amount might occur. This has been 
found to be the case for phosphocreatine, and, although the war prevented 
completion of the program originally planned, the results thus far obtained 
seem sufficiently important to be presented as they stand. Determinations 
of phosphocreatine, acid-hydrolyzable phosphorus, and inorganic phos- 

* Aided by a grant from The National Foundation for Infantile Paralysis, Inc 


t Now at Memorial Hospital, New York. 
' Bodian, D., and Flexner, J., unpublished studies. 
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phorus were carried out, but it was subsequently found that the values fy 
inorganic P were too high because of unforeseen hydrolysis of acid-hydroly 
zable P during the determination. This rendered the acid hydrolyzable | 


values unreliable as well. The phosphocreatine determinations wey 
not affected by this technical difficulty and appeared to be adequate fo 
purposes of comparison of normal and regenerating tissue, althoug| 
samples of tissue weighed only about 80 mg. 






U2} Removed by 
Fig. 1. A, diagram of cross section of spinal cord, showing principal connections 

of nerve fibers in anterior and posterior spinal roots; B, method of isolating ventra 
gray columns for chemical analysis from the four principal segments of cervical or 
lumbar cord enlargements (C, to T;, and L; to S;, in the rhesus monkey | 


Material and Methods | 


Rhesus monkeys were used in all experiments. Regenerating ventral 
horn cells were produced by sectioning the left brachial plexus and the lef 
lumbosacral roots at their exit from the intervertebral foramina (Fig. ], 


A). The right ventral gray columns were thus always available as con 
trols. The animals were killed after 6 to 30 days. The sampling tech 
nique was essentially that described by Howe and Mellors (3) and is hen 
briefly summarized. Under ether anesthesia the spinal cord was exposed 
by laminectomy. The lumbosacral cord was quickly removed from the 
living animal in one intact segment with sharp scissors, and instantly 
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plunged into an alcohol-dry ice mixture. It was frozen within one-half 
minute after removal and was then placed on a block of dry ice, while the 
cervical cord was removed and treated in a similar fashion. The frozen 
cord segments were split longitudinally in the midline, the dorsal quadrants 
were then cut away, and each ventral quadrant was scraped free of white 
matter with a sharp scalpel (Fig. 1, B). The tissue was kept on a block of 
dry ice at all times until the ventral gray columns of both sides were 
isolated from the rest of the spinal cord tissue. The ventral gray column 
of each side was weighed while frozen, and close checks were generally 
obtained. Each cervical or lumbosacral ventral gray column, which 
contains about 14,000 motoneurons, weighs about 80 mg. All samples 
were kept frozen on dry ice until prepared for analysis by extraction with 
chilled trichloroacetic acid. Since the right side was always normal and 
the left side was exactly comparable, except for changes produced in the 
motoneurons by axon section, any difference in analysis of the two sides 
should have been the result of the axon section. Histological controls 
have been described in the earlier reports. 

The chemical determinations followed the method of Fiske and Subbarow 
(7), as adapted for use with the photoelectric colorimeter by Stone (8). For 
this purpose a Coleman universal spectrophotometer was employed. 
Statistical treatment of data was similar to that used before (3). 


Results 


The results obtained are summarized in Tables I and II. Even with 
the small samples of ventral column gray matter, satisfactory checks were 
obtained in comparing right and left sides of animals in the control series, 
although considerable variability in levels of phosphocreatine was en- 
countered from animal to animal (Table I). The average value of phos- 
phocreatine P in forty-seven separate determinations of normal ventral 
gray column was 15.1 mg. of P per 100 gm. of tissue, as compared with a 
value of about 11 mg. obtained by Stone in dog brain. As will be seen in 
Table I, the mean values in the normal groups (right and left, control 
series; right side, experimental series) do not vary from this value by more 
than 10 per cent. The regenerating anterior columns, however, have a 
mean value of 9.4 mg., which is 43 per cent less than the mean value of the 
normal anterior columns in the same series and 38 per cent less than the 
mean value of all normal cord determinations. The normal control series 
showed an average sampling difference of 9 per cent between right and left 
sides, in the opposite direction from the difference in the experimental 
series. Calculation of the standard error of the mean difference in the 
experimental series showed that the difference was 4.5 times the standard 
error, and therefore well beyond the sampling error. Since no significant 
difference in results was obtained in cervical as compared with lumbar 
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spinal cord, or in the 30 day as compared with the 6 day regenerating cord 
the results from all are combined in the calculations and in Tables I and J] 
\s was prey iously mentioned, the values obtained for acid-hydrolyzabk 


phosphate, shown by Kerr (9) to be largely adenosine triphosphate, wer 


too low because of unfore seen hydrolysis during the determinations. Our 


Pho 


The V alue Sarre ¢ 


Ex rime ‘ormal  N mal | Difference Per cent 
A717 18.2 16.58 +1.4 +7 
A719 9.7 10.2 0.5 1. 
\754 5.8 6.2 0.4 6 
(730 16.6 15.2 +1.4 +S 
\667 12.8 10.6 +2 2 17 
ATT7 13.7 14.4 0.7 } 
L806 14.3 14.0 03 9 
A774 22.9 14.2 +S .7 3S 
(773 7.9 10.1 2.2 2] 
A717 23.2 19.0 1.2 +18 
A754 ear 5.9 +1.2 +16 
(730 29.5 26.4 +31 +10 
\667 Re 20.7 +1 0 +4 
A777 12.7 12.5 +().2 +] 
(S06 S 4 7.8 LOG 17 
Mean 15.0 13.6 37 u 


o mean difference 


xpressed in mg 


TABLE | 


sphoc eatine ; 1; 


Horn of 


7 738 
y 739 

5 A797 
{ A778 

2 A779 
9 \7S0 
ol \677 
0) A6S4 
S A559 
(68S 


Lumbar cord 


0.64 


2 A738 
0 A739 
5 A797 
6 A778 
6 A779 
ay A7S0 

\S02 
l 


of P per 100 gm. of tissue 


Difference |< 
1.8 | -2% 
>. 4 — 4h 4 
1.6) +14 

11.7) —56.7 
12.2 -72 

95 ri — | 

10.9 HS 

+6 — HX) 

7.8) —4 

1 6 -30.2 
“4.8 —29 
1.2) —23 
L.1 6.8 
B. 18 

7 9 55 
12.6 | —43 

9.3 { 

7.1 | —4 
| .o 


failure to find a difference between regenerating and normal sides in this 


component cannot therefore be considered significant. 


The combined 


values of inorganic phosphate and acid-hydrolyzable phosphate, as shown 
in Table II, were quite stable, both as to mean values and in levels from 
No significant difference was found between the meal 
values of right and left ventral gray columns in either the control series 


animal to animal. 
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Our combined values of inorganic and acid- 


hydrolyzable phosphorus averaged about 23 mg. of P per 100 gm. of tissue, 


as compared with a comparable value of about 25 mg. obtained by Stone 


in dog brain. 


of Ine 


sum 


Values are expre 


Experiment | Norma 
Ne 

A717 24.9 
A7i9 28.4 
A754 23.0 
730 15.2 
\667 7d 
A777 H.2 
ASO6 21.1 
A774 22.0 
A773 IS.4 
A717 23.2 
A7i4 25.0 
A730 17.8 
A667 21.6 
A777 | «21.9 
ASO06 25.6 


Mean. .| 22.0 


TABLE IT 


wind Acid-H ydrolyz 
of Vonkey Spinal Cord 


ssed in mg. of P per 100 gm. of tissue. 
£ J £ 


abl Phosphati 


ntr € Ex 
7 P Kperi- R ene 
N + Di { F : ment i 
righ aN No le 
Cervical cord 
ye +2.8 +11.2 A738 20.8 
24.8 5.6 [2.2 A739 23.8 
24.6 bod :.s A797 20.6 
21.4 6.2 25.3 A778 25.2 
0.4 +1.3 6.0 A779 ”).2 
19.0 1.2 4.9 A780 19.6 
21.8 0.7 3.2 A677 23.6 
24.7 2.4 10.9 A6M 21.0 
0.6 2.2 10.7 A559 31.6 
AGAS 25.2 
Lumbar cord 
21.9 +1.3 +5.6 A738 23.7 
°26.0 1.0 3.8 A739 23.1 
18.7 0.9 1S A797 22.9 
21.1 +0.5 +2.3 A778 22.0 
91.8 0.1 0.5 A779 21.9 
8 t 2.8 10.9 A780 22.7 
AS02 25.1 
22.1 0.1 0.5 | 3 
| 


DISCUSSION 


ft 


Lite 


19.2 


0 


Hi 


Per cent 


© difference 


—4.0 
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+12.3 
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The finding of a marked decrease in creatine phosphate in regenerating 
neurons, in which cytochrome oxidase and succinic dehydrogenase activity 
also has been shown to be reduced, calls to mind the in vivo effects of cyanide 
on brain recently reported by Albaum, Tepperman, and Bodansky (10). 
In that study the inactivation of cytochrome oxidase by cyanide was 
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accompanied by marked decrease of creatine phosphate and of adenosine 
triphosphate, and by a corresponding increase of inorganic phosphate, 
Similarly Stone and coworkers (11, 12) have found an acute decrease of 
cerebral phosphocreatine phosphorus, accompanied by a corresponding 
increase of inorganic phosphorus, in experimentally induced cerebral 
hypoxia, injury, or convulsions. Our finding in the regenerating neurons 
differs in that the marked decline of creatine phosphate Was not shown to be 
accompanied by a corresponding increase of inorganic phosphate. As was 
noted, the sum of acid-hydrolyzable phosphate and of inorganic phosphate 
is unchanged in regenerating as compared with normal anterior horns 
These findings suggest either a decreased store or a greater breakdown of 
creatine phosphate in the regenerating neuron, as compared with normal, 
In that case, the lower level of phosphocreatine as well as perhaps the 
depression of the cytochrome system in chromatolytic neurons cannot be 
compared too closely with the acute changes of anoxia, cyanide poisoning, 
or cerebral injury. The changes so far observed in the regenerating neuron 
most of all suggest a reversion toward the metzbolic pattern of the embry- 
onic period, with subsequent return to adult levels as regeneration is com- 
pleted. Both the developing and the regenerating neurons, in comparison 
with the normal adult cell, appear to have relatively low levels of cyto- 
chrome oxidase and succinic dehydrogenase activity (13, 14), low levels of 
accumulated cytoplasmic nucleoprotein, high levels of phosphatase activity 
smaller cell mass, and increased growth demands. Since the decrease in 
cell mass and the increased growth demands are coincident, their relativ 
rOles in inducing metabolic changes in the nerve cell will be difficult, if not 
impossible, to determine in anterior horn cells. 


SUMMARY 


Analyses of phosphocreatine, acid-hydrolyzable phosphate, and i- 
organic phosphate were carried out in motor columns of the spinal cord 
enlargements of monkeys. The ventral columns, containing the motoneu- 
rons, were dissected out of the spinal cord in the frozen state and weighed 
about 80 mg. each. The spinal roots corresponding to the left anterior 
column had been sectioned 6 or 30 days previously, so that motoneurons 
on this side were chromatolytic and were regenerating new axons. Th 
right ventral column served as a normal control in each 
average decrease of phosphocreatine of about 40 per cent was found 2 


Ade- 


regenerating anterior gray as compared with normal gray columns. 


nosine triphosphate values were too low to permit adequate analysis, but 
combined values of adenosine triphosphate and inorganic phosphate wer 
not significantly different in normal and in regenerating gray matter. 
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SUCCINIC DEHYDROGENASE IN: REGENERATING 
NEURONS* 


By HOWARD A. HOWE anv JOSEFA B. FLEXNER 
From the Poliomyelitis Research Center, Department of Epidemiology, 
The Johns Hopkins University, Baltimore) 


teceived for publication, November 12, 1946) 


The present communication is concerned with the quantitative determi- 
nation of succinic dehydrogenase activity in normal anterior horn cells of 
the monkey’s spinal cord and the change in this activity induced by section 
of the corresponding nerve roots. It is one of a series of studies which 
srew out of the observation that the section of peripheral nerves rendered 
their cells of origin in the spinal cord refractory to destruction by polio- 
mvelitis virus (1 Other papers have described the changes in pentose 
nucleoprotein 2), phosphocreatine (3), and acid phosphatase activity (4), 
vhich follow on axon section, and have related them to the virus re- 
fractory state and the cytological phenomenon of chromatolysis, as it is 
seen in the cytoplasm of the nerve cell. A previous communication (5) 
lealing with a decrease in the cytochrome oxidase activity of anterior horn 
cells following peripheral nerve section has outlined in detail the technique 
for obtaining well controlled samples of the central nervous system for en- 
zyme determination. This, however, will be briefly recapitulated. 


Material and Methods 


The approach has been complicated by the fact that the central nervous 
system is a mixture of neurons and supporting tissues, so that it is not 
possible to obtain pure samples of motor cells from the anterior horns. 
Indirect measurements were made, however, by utilizing the fact that 
poliomyelitis electively destroys these cells, so that a fairly good approxi- 
mation of their activity could be obtained by measuring the total activity of 
the normal anterior horns at the limb plexus levels and subtracting the 
activity of the corresponding tissues of animals whose extremities were 
completely paralyzed by poliomyelitis. It was also possible from counts 
of the total number of motor cells in the cord segments supplying the limbs 
to approximate the average amount of the enzyme in each motor neuron. 
The effects of nerve section have also been determined. This experiment 
utilizes the fact that interruption of motor nerves induces retrograde 
changes only in the cells of origin in the anterior horn, and does not appre- 
clably affect the supporting tissues or vascular pattern. There is thus no 
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difficulty in ascribing any observed enzymatic changes to actual alteratig, 
in the nerve cells themselves. 

Rhesus monkeys were subjected to unilateral section of the nerve root 
levels C4-Th1 and L3-S1, just proximal to the corresponding plexuses a 
the posterior divisions of the roots. The animals were sacrificed at intervak 
varying from 7 to 54 days. Under ether anesthesia the cervical and lumly 
sacral cords were removed from the living animal and were frozen direethy| 
on a block of dry ice. When the lumbosacral cord was removed first, the | 
animal continued to breathe until the brachial segments were exposed ap; 
removed. Thus only about 3 to 4 minutes elapsed from the time of p 
moval until each segment was solidly frozen. The cord was then gp 
longitudinally in the midline and, while the tissue was held on a block of dr 
ice, the posterior horns and the white matter were scraped away, leavin, | 
only the anterior gray cell column. Levels C5-Th1 and L5-S1 alone wer | 
used. This column contained all the cell innervating an extremity and wi | 
be referred to as a limb segment (see (3), Fig. 1). 

A comparison of enzyme activity was carried out on twenty-eight pools¢ | 
two limb segments each from normal animals. These represented th | 
cervical and lumbosacral levels from opposite sides of fourteen normal cor 
and were used as a basis for determining the range of variability betwen 
corresponding normal limb segments of the same animal. Measurements 
were then made of the succinic dehydrogenase activity of the anteric| 
horns from animals with varying degrees of paralysis, or from the norm} 
and operated sides of the same animal. In the latter case each monkey} 
served as his own control, and in the former normal readings were sufi. 
ciently constant from animal to animal to make a reliable average fe 
comparison with poliomyelitic cords. Furthermore, since the number an 
average size of anterior horn cells are approximately equal on the tw 
sides of the cord, direct comparisons of activity were possible without 
specifically determining the mass of these neurons. 

The majority of the observations were made by the method of Schneide 
and Potter (6), but that of Quastel and Wheatley (7) was used as an add- 
tional test, since it has been shown that the two methods parallel a 
another very closely (8). Because the amounts of tissue available wer 
small, it was necessary to pool the cervical and lumbosacral levels of each 
side. The total amount of tissue available for each observation range 
from 84 to 232 mg., depending upon the size of the animal and the numbe 
of segments included in the assay. 

For the method of Schneider and Potter the tissue was homogenized t 
make a suspension of approximately 200 mg. per cc. in M/30 phosphate 
buffer, pH 7.4. 0.25 cc. of homogenate was placed in a Warburg flask with 
0.3 ec. each of 0.004 m CaCl, and AICI; , 1.2 cc. of phosphate buffer (0.1 ™) 
and an excess of cytochrome c (0.0001 ma; 0.2 ce. of stock solution). In th 
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side arm was placed 0.25 cc. of Na succinate (0.5 m) and in the center well 
0.2cc. of NaOH (20 per cent) with a wick. O, consumption was measured 
in air. The materia! was shaken in the water bath for 15 minutes until 
temrerature equilibrium was reached, the succinate was tipped in from the 
side arm, and read'ng: were begun in 5 minutes. These were continued at 
10 minute intervals for 30 minutes. Two determinations of aliquots were 
made simultaneously and the average rate of oxygen uptake in the presence 
of succinate finally expressed in terms of c.mm. per hour per mg. of wet 
weight of tissue. This will hereafter be referred to as QO» (succinate). 
The method is baced upon the presence of an excess of cytochrome ¢ and 
cytochrome oxidase, thus making succinic dehydrogenase the limiting 
factor in the oxidation of the substrate. Since it had previously been shown 
(5) that, under the conditions of the experiment, the activity of cytochrome 
oxidase is diminished and could, therefore, be a limiting factor in the 
reaction, it was deemed advisable as a check to substitute for the cyto- 
chrome-cytochrome oxidase system an excess of some electron acceptor. 
The method of Quastel and Wheatley was therefore used for this purpose, 
since it substitutes ferricyanide for the cytochrome-cytochrome oxidase 
system, and measures in an atmosphere of Nz and CO, the reduction of 
ferricyanide in a bicarbonate medium in terms of CO; liberated by the acid 
formed during this reduction. Homogenates of the anterior horns (100 
mg. per cc.) were made up in bicarbonate buffer at pH 7.4. 0.25 cc. of the 
homogenate was placed in a Warburg flask with 2.15 cc. of bicarbonate 
buffer + 0.1 cc. of sodium succinate (0.5m). 0.2 cc. of sodium ferricyanide 
(10 per cent) was placed in the side arm. A second vessel was set up with 
the same materials, omitting the succinate. After a preliminary run of 15 
minutes the ferricyanide was tipped in, readings were begun in 5 minutes, 
and were continued at 10 minute intervals for 30 minutes. The reaction 
was carried out in an atmosphere of 95 per cent N2 + 5 per cent CO, and 
readings were expressed as c.mm. of CO, produced per hour per mg. of 
tissue (wet weight) from which the CO, production of the vessels without 
succinate was subtracted. This will be referred to as AQN, (succinate). 


Succinic Dehydrogenase in Poliomyelitis Cords 

Twenty-three determinations of succinic dehydrogenase by Schneider 
and Potter’s method were made on the cords of animals 4 to 6 weeks after 
paralysis from poliomyelitis of varying degrees of severity. At this stage of 
convalescence the acute phase of neuronal destruction is largely resolved. 
The débris of dead and dying nerve cells has been cleared up, leaving the 
survivors, considerable glial scarring, and a minimal amount of inflam- 
matory exudate. Severe poliomyelitis destroys virtually all the nerve cells 
of the anterior horn. 

The animals of this series were divided into three groups (Table I), based 
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upon the amount of residual function in the extremities at the time 

sacrifice The cervical and lumbosacral cords wer treated separately & | 
pools of two contralateral limb segments. Seven runs were made Wit 

pools of two limb segments, each innervating fourteen completely parg 
lyzed extremities. Similarly tests were made of nine pools re presenting | 
eighteen extremities with 5 to 50 per cent function and seven pools of foy 
teen limb segments having 70 to 80 per cent function, as judged by muse | 
strength. These were compared with a group of forty-one determinatig, 


TABLE | 


Normal Cords 


Method of Quastel and 


Method of Schneider and Potter QO: (su ate 
Wheatley UC, (succinatelt | 
: 70-81 
Nom ‘ bien 9 i ~ . * Normal 
! on func tic t 
2.20 2.16 2.92 Average of 41} 3.41 Average of |’ 
2.23 2.35 3.05 anterior t.4] anterior 
2.31 2.59 3.20 horns 1.77 horns i 
2.33 2.70 3.33 5.05 
2.35 2.41 3.56 5.24 
2.37 2.80 71 5.29 
2.94 2.94 3.74 5.66 
2.94 12 
3.48 
Mean 2.39 2.74 3.36 1.07 1.87 8.42 
™ below normal. 41 33 li () 10) 0 
Difference between 
groups,¢ 2.4 3.7 2.6 ; 


*C.mm. of O, per hour per mg. (wet weight) of tissue 
+ C.mm. of CQO, per hour per mg. (wet weight) of tissue 


of normal anterior horns which were pools of limb segments from ipsilaten 
cervical and lumbosacral levels. This comparison was permissible becaus 
the total number of motoneurons is virtually the same for both plex} 
levels (9). 

It may be seen in Table I that limb segments in which there was noe\ 
dence of remaining anterior horn cells showed a marked diminution 
succinic dehydrogenase activity (41 per cent below normal). As om 
would expect, greater residual muscle function was correlated with mor 
enzyme activity in the tissue. The grading of muscle function is at bes 
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very crude in monkeys (unless there is no function), but in spite of this a 
good correlation was obtained. Limb segments innervating extremities 
with 5 to 50 per cent function (average of two corresponding limbs) showed 
reduction of 33 per cent below normal, and those representing 70 to 80 per 
cent function were but 17 per cent below normal levels. Although the 
number of cords in each group was relatively small, differences between 
them were greater than could be accounted for by sampling variation. 

Eight cord samples of two limb segments each from convalescent animals 
were assayed by the method of Quastel and Wheatley with virtually the 
same results (Table I). Here the numbers were too small to warrant 
separation into groups. The greatest amount of muscle function was 40 
per cent in one animal, but the majority showed complete paralysis. As in 
the previous determinations, the reduction of succinic dehydrogenase 
activity was 40 per cent below the normal average. 

These findings indicate that 40 per cent of the succinic dehydrogenase 
activity of the anterior horns resides in the motor cells. A similar observa- 
tion has been made for cytochrome oxidase in the thalamic neurons of the 
eat (5), which were found to contribute 35 per cent of the total enzyme 
activity of this region. Since these cells represent only a small fraction of 
the total mass of this tissue, it is clear that the enzyme is much more active 
in nervous tissue than in neuroglia and blood vessels. A crude idea of the 
activity of each nerve cell may be obtained by the following calculation. 
The average QO: (succinate) of forty-one pairs of normal limb segments (C + 
L-S) was found to be 4.07 units, while the average weight of the segments was 
153.8 mg. Thus the total average QO. (succinate) of the two anterior 
horns of either side of the brachial and lumbosacral cord at the plexus level 
was 625.06 units. The number of anterior horn cells at levels C6-Thl1 and 
L5-S1 has been counted in serial section by Bodian (9), who found the total 
to be about 28,000 on each side. Since he did not count the level C5, which 
was included in these determinations, 2000 has been estimated as the num- 
ber at this level and added to his figure. This brings the QO, (succinate) 
of the average anterior horn cell to 0.0208 unit, a rough approximation to 
be sure, but one which gives some idea of the general order of magnitude 
of this value. 


Succinic Dehydrogenase Activity Following Nerve Section 


The method of Schneider and Potter has been applied to the anterior 
horns of nine normal monkeys and twenty-three operated ones. Table 
II shows the results of assaying the two sides of nine normal cords. Since 
the left side was always used for operation, the values are expressed as 
percentage of divergence from the value of the right side. These were 
about equally distributed in the positive and negative directions, with an 
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average deviation in the QO, (succinate) of —0.53 per cent. The standard 
deviation of this mean was also 0.5 per cent. 

The experimental animals were divided into three groups (Table IT) 
because of the necessity for attempting correlations with the cytological 
reacticn known as chromatolysis and with the virus refractory state, 
This subject has already been discussed elsewhere (1-5) but will be briefly 
summarized. At 7 days following root section, chromatolysis, as repre- 
sented by the disappearance of Nissl bodies in the cytoplasm of the nerve 
cells, is maximal but begins to wane thereafter. By 30 to 50 days it is stil] 
apparent, but there has been considerable recovery of the Nissl material. 
On the other hand, the virus refractory state has not developed at 7 days. 

TABLE II 
QO, (Succinate)* of Anterior Horn of Monkey Spinal Cord 


Normal animals 





Experiment No Right Left Per cent diferenee 
B214 3.43 3.54 +3.2 
B215 3.95 3.91 | —1.1] 
B216 3.75 3.63 —3.2 
B217 3.67 3.67 0 
B218 | 3.83 3.58 -6.5 
B222 3.85 3.94 +2.3 
B236 3.98 + .04 +1.5 
B246 | 3.62 3.54 -2.2 
B247 | 4.00 4.10 +2.5 

Mean 3.79 3.77 | —0.53 
0.5 


o mean difference 


*C.mm. of O; per hour per mg. (wet weight) of tissue 


It begins to be apparent at 10 to 12 days and is most marked during the 
later period, 32 to 54 days. Functional recovery of the nerves abolishes it. 
In animals with root sections of 7 days duration (Table III) there was a 
small decrease in QO, (succinate) on the operated side (2.9 per cent). 
This may have been a real phenomenon, but the series of animals was not 
large enough to rule out sampling effects. Since the diminution was not 
striking, it was considered unimportant to add further to this group. 
This means that at the time when the cytological reaction known as chroma- 
tolysis is maximal, there is a barely detectable change in the activity of 
succinic dehydrogenase. At 10 to 12 days, when chromatolysis is be- 
ginning to wane and the virus refractory state is first apparent, the activity 
of the enzyme is definitely and significantly diminished (7.8 per cent). 
At 32 to 54 days, when the virus refractory state is well marked, the 
activity of the enzyme reaches its greatest diminution (11.9 per cent). 
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Tase III 
QO; (Succinate)* of Anterior Horn of Monkey Spinal Cord Following Nerve Section 


indard 




































































le IIT) | 7 days 10-12 days 32-54 days 
logical a Fe —* =< whe = 
i Experi- | Nor- | Opera- or Experi- | Nor- | Opera- | Per cent} Experi- | Nor- | Opera- Per cent 
State. | ment | mal | ted omene ment mal ted difference} ment mal ted difference 
briefly — cmmecmael ‘mene @ prc perc aREe GE SER GIRS ees, 
repre- B681 | 4.59, 4.20 |—8.5 | B270 | 4.09 3.58 |—12.5 | B169 | 3.69) 3.41 | —7.6 
B682 | 5.14) 5.28 |+2.7 | B271 | 3.89) 3.74 | —3.9 | A999 | 3.71] 3.31 |—10.8 
bape B08 | 4.57| 4.47 |-2.3 | B272 | 4.12] 3.82 | -7.9| B53 | 4.33] 4.14 | —4.4 
is still B709 | 3.92| 3.88 |-1.0 | B296 | 4.63 4.20 | —9.3 | Bi92 | 3.87| 3.20 |-17.3 
terial, B744 | 4.52, 4.35 |—3.8 | B722 | 4.14) 3.79 | —8.6 | B193 | 4.02| 3.37 |—15.4 
days. B745 | 4.50, 4.27 |—5.1 | B723 | 4.48) 4.15 | —7.4 | B19 | 4.51) 4.01 |—11.1 
OF B747 | 4.37|-4.13 | —5.5 | B195 | 4.11] 3.61 |—12.2 
B219 | 3.98] 3.35 |—15.8 
B220 | 3.83] 3.42 |—10.8 
— | | B221 | 4.29) 3.70 |—13.8 
—— = Tt cane 
erence | Mean | 4.54) 4.41 |—2.9 4.25] 3.91 | —7.8 4.03} 3.55 |—11.9 
mare o of mean 1.44 0.97 25 
7 = 7.2 | 7 = 8.4 
g Cc 
a ee Saree tes ee 
| *C.mm. of O, per hour per mg. (wet weight) of tissue. 
; 
TaBLe IV 
AQZ2, (Succinate)* of Anterior Horn of Monkey Spinal Cord 
i Normal animals Operated animals, 31-50 days 
eos a ears ig T ee 
3 — Right | Left a ~~ | Normal Operated ps dnd 
—— B929 6.43 | 6.67 | +43.8 B762-74 | 10.20 8.94 —12.3 
B863 8.00 | 8.55 | 46.9 B868 9.66 8.89 —8.0 
Bo2l | 8.82 | 8.60 | -2.5 | Bs69 8.60 | 7.8 | -8.6 
ng the Booz | 8.32 | 8.63 | +3.7 | B870 9.16 | 8.22 | —10.2 
hes it. Be25 | 7.37 | 7.11 | —3.5 B871 9.59 8.87 —7.5 
Was & | BS48 8.24 7.21 —12.5 
cent). | | | BS46-7 9.28 8.21 —11.5 
as not ae ao < i PE BR SERN Heo ay 
Me Mean | 7.78 | 7.91 | +1.7 | 9.24 8.31 —10.1 
as not | o of mean difference 1.78 | 0.73 
group. | 
Broup - = 6.1 
\roma- g 
‘ity of - a“ . 
: ‘te C.mm. of CO; per hour per mg. (wet weight) of tissue. 
18 P 
tivity 


an Essentially the same findings were encountered when the ferricyanide 


4. the method was employed in a series of five controls and seven operated animals 
’ 


). 


at 31 to 54 days (Table IV). While the series is small, there is no doubt 
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that the data fall in the same categories as in the preceding experiment. 
An average reduction in AQ?3, (succinate) of 10.1 per cent was observed, 


This differs from that of the controls by six standard deviations. 
DISCUSSION 


Since the two methods of determining succinic dehydrogenase are in 
close agreement, it follows that the diminution of cytochrome oxidase 
activity previously demonstrated under these conditions (5) was not a 
limiting factor in the measurements of succinic dehydrogenase by the 
method of Schneider and Potter. 

While a reduction of roughly 10 per cent in QO, (succinate) of the 
anterior horn does not at first sight appear to be very great, it must be 
borne in mind that the metabolic change is restricted to the anterior hom 
cells which, although small in mass as compared to the whole, contribute 
40 per cent of the total activity. Thus, since the total QO: (succinate 
was observed to be 4, that of the neurons was 1.6. The actual observed 
maximal depression of QO, (succinate) in operated animals was 0.48, 
which is 30 per cent of the QO, (succinate) of the neurons. It thus becomes 
evident that a relatively striking change has taken place in these cells. 

It is of interest that one should observe a depression in the activity of the 
succinoxidase system from two independent points of view and that these 
correlate in time with the virus refractory state. This supports the 
hypothesis that the latter is the result of a significant metabolic change 
which is nevertheless compatible with the life of the cell (5). The analysis 
of this phenomenon, however, is complicated by the fact that two po- 
tentially different processes have been induced in the neuron at the same 
time. All of these experiments, as well as those performed in the past, 
have been carried out on cells whose peripheral processes had been severed 
and which, in the absence of nerve suture, were making ineffectual efforts 
at regeneration. By operation the cells were deprived of a major portion 
of their axoplasm which, therefore, through the nature of the experiment, 
they were unable to replace effectively. It may be that the diminution in 
enzyme activity indicates a gradual adaptation of the neurons to a decrease 
in the total amount of axoplasm. This may mask the changes due to 
the regenerative effort of the cells, which in turn may not have been 
proceeding at a normal rate. Since these phenomena were not dissociated 
in this type of preparation, the activity which we have measured is doubt- 
less their resultant. 

The specific enzyme changes just cited may or may not be an essential 
element of the metabolic change which results in increased resistance on 
the part of the neurons. To prove a causal relationship between the two 
it is necessary to produce some correlation in addition to that of time. 
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To such an end one might attempt to discover whether reductions in 
suecinoxidase activity, induced by some means other than root section, 
result in increased resistance. Perhaps expanding knowledge of the action 
of chemical agents upon the nervous system will point the way to some 
such experiment. 

SUMMARY 

1. Suecinic dehydrogenase activity was determined in certain nervous 
tissues of the rhesus monkey by two independent methods which were 
found to be in close agreement. 

2. The isolated anterior horns of monkeys with complete limb paralysis 
following poliomyelitis were found to have 40 per cent less succinic dehydro- 
genase activity than corresponding portions of normal tissue. This differ- 
ence in respiration was thought to be due primarily to the absence of 
anterior horn cells. It was, therefore, possible to calculate the activity 
of an average individual motoneuron, since the total activity of the tissue 
and the total number of cells were known. 

3. Suecinic dehydrogenase activity was also measured in the anterior 
horns of animals subjected to unilateral sections of nerve roots, and was 
compared with the normal sides of the same animals. Maximal reduc- 
tions of 12 per cent were noted at 31 to 54 days following operation. Since 
nerve section induced retrograde changes only in the cells of origin in the 
anterior horn, the diminution of enzyme activity was attributed to changes 
in the motoneurons of the anterior horn. Furthermore, data were at hand 
to calculate that a diminution of 12 per cent in the respiration of the total 
anterior horn represented roughly a 30 per cent diminution of enzyme 
activity in the motor cells themselves. 
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Previous nutrition studies (1) led to a consideration of the state in which 
vitamin A exists in the mammary secretions of the dairy cow. Although 
procedures have been evolved for separating the ester and alcohol forms of 
vitamin A in blood, in liver oils, and in concentrates (2-11), no method has 
been reported for a similar study of the vitamin A in colostrum and in milk. 
For this purpose, a chromatographic method was developed in which 
advantage was taken of the fact that vitamin A alcohol is retained by an 
alumina adsorption column, while vitamin A ester is allowed to pass 


through. 
EXPERIMENTAL 

Duplicate 10 ml. samples of milk! are saponified; the non-saponifiable 
matter is extracted, and the vitamin A concentration is determined. The 
lipides from another pair of 10 ml. samples from the same milk are ex- 
tracted and subjected to a chromatographic separation to remove the 
vitamin A alcohol before saponification. The vitamin A alcohol content is 
calculated as the difference in the vitamin A content of the samples re- 
ceiving the two different treatments. 

Extraction of Lipides—To a 10.0 ml. sample of milk in a glass-stoppered 
centrifuge tube are added 0.5 ml. of ammonium hydroxide and 5 ml. of 
absolute ethanol, followed by shaking after each addition. 20 ml. of 
peroxide-free diethy! ether are added, and the tube is shaken vigorously for 
lIminute. The mixture is centrifuged briefly to obtain a clear supernatant 
solution which is transferred to a 250 ml. separatory funnel. 5 ml. of 
ethanol are added to the residue in the centrifuge tube and the mixture is 
shaken. Then 15 ml. of diethyl ether are added, and the mixture again is 
shaken for 1 minute. The tube is centrifuged and the supernatant solu- 
tion is added to that previously obtained. This extraction process is 
repeated with a mixture of 10 ml. of diethyl ether and 5 ml. of Skellysolve 
B. The combined extracts are washed by shaking gently with an equal 
volume of water. After separation upon standing, the water is drained 


* Contribution No. 324, Department of Chemistry, and Contribution No. 164, 


Department of Dairy Husbandry. 
‘With viscous colostrum, use 5 ml. of sample mixed with 5 ml. of water. 
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into a second separatory funnel and extracted by gently shaking with , 
mixture of 10 ml. of diethyl ether and 5 ml. of Skellysolve B22 The wate 
is separated completely. The two extracts are combined and transferpej 
to an all-glass evaporation assembly from which the solvent is evaporate 


by the use of vacuum and of heating in a water bath at 50-60°. The flag | 


containing the lipide residue is cooled and 10 ml. of Skellysolve B are added 
as the vacuum is released. 

Chromatographic Separation—A chromatographic adsorption column js 
prepared in a 200 x 12 mm. glass tube, constricted at the lower end, ané 





joined to a short piece of 6 mm. tubing. A 7 cm. column of activated aly. | 


mina* is supported in the tube by a small cotton plug. The alumina colum 
is washed by drawing through it under gentle suction about 30 ml, 
Skellysolve B. Just before this Skellysolve falls below the upper surface 
of the alumina, the solution of extracted lipides is poured in. The vitamin 
A esters are eluted along with the carotene by the use of a mixture of 4 per 
cent acetone in Skellysolve B. After the carotene has been eluted from the 
column, about 40 ml. more of the acetone-Skellysolve mixture are draw, 
through to assure complete elution of the vitamin A esters. The eluate js 
evaporated to a volume of | to 2 ml. in a small boiling flask placed upon, 
steam cone; 5 ml. of alcoholic potassium hydroxide solution (12) are added 
the boiling flask is connected to a condenser,‘ and the mixture is refluxed 
for 15 minutes. 

Total Vitamin A—The sample from which the total vitamin A is deter. 
mined is prepared by refluxing 10.0 ml. of milk! with 10 ml. of alcoholic 
potassium hydroxide solution for 15 minutes. 

Extraction of Non-Saponifiable Matter—This procedure is a modification 
of the extraction method used by Boyer et al. (12). Each of the refluxed 
samples for the determination of total vitamin A and from the chromato 
graphic separation is cooled and transferred to a 250 ml. separatory funnel, 
with 10 ml. of aleohol and 15 ml. of water for rinsing. 40 ml. of diethy! 
ether are added, and the separatory funnel is shaken for 1 minute. After 
separation of the phases, the lower layer is drained into a second separatory 
funnel containing 25 ml. of ether and extracted by shaking for 1 minute. 
After separation, the lower phase is discarded, which procedure is followed 
for all subsequent extractions in the second separatory funnel. 100 ml. 
cold water are added to the first separatory funnel and mixed by inverting 


? If an emulsion forms, a little salt will help break it. The addition of Skellysolve 
reduces the water content of the ether solution so that drying with sodium sulfate is 


unnecessary. 

* Activated alumina F-20, 80 to 200 mesh, Aluminum Ore Company, is activated by 
heating at 200° for 4 hours. 

‘ Apparatus with all-glass joints should be used 
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9 to 4 times. The separated lower phase is transferred to the second 
separatory funnel and is extracted by gentle shaking. ‘To the first separa- 
tory funnel 40 ml. of acidified wash solution (12) are added and shaken. 
The lower phase is transferred to the second separatory funnel and ex- 
tracted by shaking.’ The ether solution in the first separatory funnel is 
shaken again with 25 ml. of the acidified wash solution which, following 
separation, is drained into the second separatory funnel and extracted by 
shaking. The two ether solutions are combined in one separatory funnel; 
10 ml. of Skellysolve B are added to reduce the water content of the ether 
solution, after which the solution is washed once by shaking with 25 ml. of 
cold water. The phases are allowed to separate, and the water is drained 
as completely as possible. The solution is evaporated as described pre- 
viously and transferred to a volumetric flask of suitable capacity. Volumes 
of 10 to 100 ml. are used, depending on the concentration of vitamin A in 
the sample. 

Photometric Procedure—10.0 ml. of the Skellysolve solution are trans- 
ferred to a test-tube absorption cell, and the concentration of carotenoid 
pigments is measured. The solvents are evaporated from the tube, as 
described by Boyer et al. (12). 1.0 ml. of chloroform is added, and the 
vitamin A is determined by the Carr-Price reaction. Methods for pre- 
paring the reagents and calibrating the photometer have been amply de- 
scribed (12, 14). 

Validity of Method—In developing the method, the following checks 
were made: Carotene and vitamin A were determined on the residues from 
the extraction of the colostrum and the milk. That the original extraction 
of the milk was satisfactory is shown by the fact that no measurable yellow 
or antimony trichloride blue colors were obtained from the milk residues; 
with colostrum the recoveries varied from an immeasurably small quan- 
tity toa maximum of 1 per cent of the total in the original sample. 

In a series of seven determinations, from 2 to 100 y of vitamin A alco- 
hol? were added to the ether extract of the milk in order to check on the 
extent to which the chromatographic procedure removes this form of 
vitamin A. An average loss of 2.5 + 2.3% per cent of the total vitamin A 
was found. A similar series of eight determinations with a mixed natural 
ester of vitamin A’ (previously purified by chromatography) showed an 

‘A small amount of emulsion remaining after the solution has stood for some time 
will cause no difficulty if retained in the separatory funnel; it should clear up during 
the next washing. 

* A Coleman spectrophotometer set at 460 my was used to determine the concen- 
tration of carotenoid pigments. Vitamin A was determined at 620 my, with the in- 
strument modified to reduce the light intensity (13). 

’ Distillation Products, Inc., Rochester, New York. 

* Standard error 
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average loss of 3.0 + 2.5 per cent. The chromatographic separation com. 


pletely removed the vitamin A from saponified samples of colostrum and of 
milk. 


Duplicate determinations of the total and the ester vitamin A content o 


colostrum and of milk checked to an average difference of 3.0 + 0.36 per | 


cent. 
DISCUSSION 
State of Vitamin A—The samples for analysis consisted of aliquots of q 
milking in which the mammary gland was emptied as completely as posgi- 
ble. The colostrum, the first secretion removed from the udder, was ed. 
lected within 4 hours postpartum; the milk was obtained from the same 


TABLE | 


Percentage of Vitamin A As Ester 


Colostrum Milk 

Breed a 
No. of Total vitamin A No. of Total vitamin A 

cows as ester* cows as ester*® 

per cent per cent 

Guernsey ] 97 | 100+ 

Jersey. 6 95 + 0.57f 7) 100 + 3.6 
Ayrshire 7 96 + 1.2 7 100 + 1.7 
Holstein 1 99 + 1.6 f 94+1.9 
Average 97 + 0.68 98 + 1.2 


* Corrected for loss in analysis based on an average recovery of 97 per cent for 
added mixed natural vitamin A ester. 
ft Standard error. 


cows 3 to 8 weeks later. In Table I is shown the distribution of the alcohol | 


and ester forms of vitamin A. Practically all the vitamin A in both colos- 
trum and milk was found to be the ester. Neither breed of cattle nor the 
type of mammary secretion, colostrum or milk, seemed to influence the 
distribution of the forms of the vitamin. Likewise, dietary supplements 
did not affect this aleohol-ester ratio. All of the eighteen cows used were 
fed the same basal ration, of which number fourteen were grazed on pasture 
grasses and four were given 500,000 to 1,000,000 U.S. P. units of vitamin A 
ester daily during a period of 4 weeks before calving; but the values for the 
two groups were within the same range. 

Since the percentage of vitamin A alcohol was calculated by difference, 
the detection of only a small amount in this form raised the question d 
whether any of the vitamin A of colostrum and of milk actually existed i 











be 
hy 


ter 


Col 





Nn Com- 
and of 


ent of 
36 per 


'S of a 
possi- 
iS Cdl- 
- Same 


coho! 
-olos- 
or the 
e the 
nents 
were 


sture | 


vin A 
wr the 


ence, 


on of 


ed in 





PARRISH, WISE, AND HUGHES 677 


the alcohol form, or whether the amount found was due to losses in analysis 
or to experimental error. This problem was studied by removing the de- 
veloped chromatogram and treating it with a fine stream of antimony 
trichloride reagent. By this procedure it was found possible to identify 
quantities of vitamin A as small as 1 to 1.5 y by the light blue band formed 
about 1 em. from the top of the column. If only a small amount of vitamin 
4 alcohol is present in a sample, it is necessary to combine several extracts 
of the same sample to obtain sufficient vitamin A to form a visible band on 
the column. In several experiments of this type, a faint blue band was 
observed with some samples but was completely absent from others. This 
small quantity of vitamin A, which sometimes was observed, could have 
been either a product of mammary secretion or the result of postmilking 


hydrolysis. 


TaB_e II 
Percentage of Carotenoid Pigments Determined As Carotene* 








Colostrum Milk 
Breed a — J 

| No. of cows | Carotene | No. of cows Carotene 

per cent per cent 
Guernsey. : jane ] 91 1 90 
Jersey....... SEK 8 eR Payette gep siotatensl 6 93 5 90 
Ayrshire. .. ehegehedusexent 7 95 7 88 
Holstein......... Fatiten eG " 4 96 4 87 
Average ei panean 95 89 


* A small amount of the pigment reported as carotene probably consists of caro- 
tenol esters (see the text 


It is interesting to note that, while practically all of the vitamin A in 
colostrum and in milk is in the ester form, preliminary studies in this 
laboratory indicate that the major part of the vitamin A in the blood from 
these same cows is in the alcohol form. 

Carotenoid Pigments—Since the alumina column separates the carotenoid 
pigments in a manner similar to the separation of the alcohol and the ester 
forms of vitamin A, data on the pigment distribution were collected during 
thisstudy. These data (Table II) show that most of the fat-soluble yellow 
pigment of both colostrum and milk is carotene. The average values 
indicate the possibility of slight differences in the percentage of the yellow 
pigment occurring as carotene in colostrum and in milk, but a test for 
significance would necessitate additional data. 

A number of the colostrum samples as well as some of the milk samples 
contained sufficient pigment strongly adsorbed on the alumina to be de- 
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tectable as a light yellow band near the top of the column. This pigmen 
probably consisted of free carotenols and any oxidized carotenoid pigments 
present in the milk. If the eluate from the chromatographic separation js 
saponified and again adsorbed on the column, very small additional amounts 





of pigment may be removed. This indicates that a small amount of caro. | 


enols may be esterified and originally passed through the column with thy 
carotene. This pigment is included with the carotene in Table IT. 


SUMMARY 


1. A method is described for the separation of the ester and alcoh 
forms of vitamin A in colostrum and in milk. 

2. Practically all of the vitamin A in both colostrum and milk was found 
to be in the form of the ester. 

3. Most of the fat-soluble vellow pigment in colostrum and in milk was 


found to be carotene. 
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leoh Several years ago, van der Scheer, Wyckoff, and Clarke (1) reported 
that antitoxic sera contained an electrophoretic component not present in 
found | normal horse sera. This component which was designated as T-globulin 


had a mobility between the 8- and y-globulins. Kekwick and Record (2) 
Ik was found that in diphtheria antitoxic sera the immune activity was present in 
both 8 and y components. These globulins were separated electrophoreti- 
cally, and found to be different in their flocculation times and in their 
ratios of in vivo to in vitro aetivities. From the results of these and other 


| investigators, it is evident that certain antigens injected into the horse 
produce antibodies associated with more than one serum component. 

An It has already been reported from this laboratory (3) that the cow also 
1940 produces antibodies associated with y and T components. Both of these 
1940 components were isolated from hyperimmune plasma in electrophoretically 
homogeneous state by means of the alcohol fractionation procedures de- 

1945 vised by Cohn and his collaborators (4, 5). By these same methods, some 
1. studies have been made on tetanus antitoxic plasma from the horse. It 


was found that homogeneous y-globulin and nearly homogeneous T-globulin 
could be isolated. Both of these proteins have been characterized by 
physical and chemical studies. In addition to the y- and T-globulins, 
‘hen however, there is present in the plasma of the horse a large quantity of 
additional material with which antitoxic activity is associated. Although 
this protein has not yet been isolated in electrophoretically homogeneous 
form, it appears to be associated with the water-soluble (pseudoglobulin) 


8-globulin fraction. 
EXPERIMENTAL 


Antitoxin assays were performed with a standardized toxin by guinea 
pig neutralization tests according to the method of the National Institute 
of Health. Electrophoretic analyses were made in a Tiselius apparatus 
equipped with the Longsworth schlieren scanning device. All of the runs 
were made at 1° with a diethyl barbiturate (veronal) buffer at pH 8.4 to 


* Present address, School of Medicine, University of Utah, Salt Lake City. 
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8.6 and at an ionic strength of 0.1. Only descending patterns were photo. 
graphed. 

Plasma Fractionation—The citrated plasma was fractionated by the 
methods developed by Cohn and his collaborators for the processing 9 
human plasma (4). Fraction I (mainly fibrinogen) was precipitated at § 
per cent ethanol and —2°. Fraction II + III, which contained most of the 
T- and y-globulins and a considerable portion of the 8-globulins, was re. 
moved at 25 per cent ethanol and pH 6.5. Fraction IV (principally y- and 
8-globulins) was precipitated at 40 per cent ethanol and pH 5.8. 

When Fraction II + III was reworked by Method 3C (5), the T- and 
y-globulins were readily separated; the y-globulin was found in Fraction 
II, and the T-globulin in Fraction III-1. Electrophoretic analyses showed 
that Fraction III-1 contained 81 per cent of T component and 19 per cent 
of more rapidly migrating y and 8 components. Fraction II contained 
85 per cent y-globulin and 15 per cent T component. The antitoxie ae. 
tivity of the original plasma was 500 units of antitoxin per cc. or 3850 
units per gm. of protein. The assays on the separated fractions showed 
5060 antitoxic units per gm. of Fraction III-1 and 14,000 antitoxic units 
per gm. of Fraction II. However, the yields from 11.5 liters of plasma 
were 270 gm. of Fraction III-1 and 60 gm. of Fraction II. Thus, while the 
potency of the isolated y-globulin was higher than that of the T-globulin, 
much more antitoxin was associated with the T component. 

By the same procedure on 9 liters of plasma from another horse (5750 
units of antitoxin per gm. of plasma protein), the yields were 189 gm. of 
Fraction III-1 (8070 units per gm.) and 40 gm. of Fraction II (10,50 
units per gm.). Both fractions had very nearly the same composition as 
before. These separations clearly demonstrate that tetanus antitoxin 
activity is associated with both y- and T-globulins. 

For the two fractionations of Fraction II + III given above, about 
75 per cent of the T- and y-globulins was recovered in Fractions III-1 
and II as estimated from the electrophoretic patterns of the initial plas- 
mas. However, from these plasmas only 38 and 27 per cent of the anti- 
toxin originally present were recovered in the total of Fractions III-1 and 
II. Subsequent studies showed that most of the missing antitoxic activity 
was present in Fraction IV. 

Fractionation of Fraction II + III was also carried out by Method 9 of 
Oncley et al. (5). The potency yields were similar to those obtained by 
Method 3C, but the composition of the individual fractions differed some- 
what. The T component was found in Fraction III, but it was associated 
with larger amounts of 6- and y-globulins. The electrophoretic analysis 
showed that Fraction. III contained 18 per cent y-globulin, 59 per cent 
T-globulin, and 23 per cent 8-globulin. Fraction II-1,2 contained 92 
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per cent y-globulin and 8 per cent T-globulin, while Fraction II-3 
homogeneous y-globulin. Thus the fractionation by Method 9 is more 
suitable for the direct isolation of a homogeneous y-globulin, but a con- 
siderable portion of the y-globulin is also found in Fraction III. Antitoxic 
activity was present in all three fractions, Nos. HI, I-1,2, and II-3 
(Table I). 

Antitoxin of Fraction IV—In human plasma, almost all of the immune 
activity is found in Fraction II + III, and negligible quantities in Fraction 
IV (Enders (6)). In striking contrast, the experiments with hyperimmune 
horse plasma described above have shown that low yields of antitoxic 
activity are obtained in Fraction II + III; other fractionations have 
demonstrated that a considerable portion of the antitoxic activity is found 
in Fraction 1V. In an experiment in which the activity of Fraction II-1 ,2 
was 5800 antitoxic units per gm. and the potency of Fraction III was 2900 
units per gm. as isolated from Fraction II + III by Method 9, the potency 
of crude Fraction IV was 11,700 units per gm. The electrophoretic com- 
position of Fraction IV (Table I) showed that it contained only 1 per cent 
of y-globulin and 8 per cent of T-globulin. It is obvious that the low con- 
tent of y- and T-globulins in Fraction IV cannot account for the high 
potency of this fraction; the antitoxic activity must therefore be present in 
some component other than the y- and T-globulins. In addition, it is 
apparent that the potency of the component or components in Fraction IV 
which possess antitoxic activity must be much higher than that of either 
the y- or T-globulin. 

Fraction IV was reworked by various methods in an attempt to isolate 
the antitoxic globulin in homogeneous form. Thus far these efforts have 
not proved successful, although some information about the nature of the 
proteins in this fraction has been obtained. When Fraction IV was re- 
suspended in water at 0° and pH 5.8, an insoluble fraction (No. IV-A) 
which was inactive was removed. A precipitate of low activity (Fraction 
IV-B) was separated at pH 5.8 and 25 per cent ethanol at —2°. The 
precipitate (Fraction IV-C) which contained most of the antitoxic ac- 
tivity was removed at pH 5.2, 25 per cent ethanol, and —5°. After re- 
moval of the alcohol by lyophilizing, this fraction was thoroughly dialyzed 
at 2° against distilled water. A water-insoluble or euglobulin fraction 
(No. IV-Cl) was separated, and then thoroughly extracted with cold 
water. This euglobulin (Fig. 1, C) was found to be mostly a-globulin 
(u= —5.2 X 10-°sq. cm. per volt per second in veronal buffer of pH 8.6), 
and was almost devoid of antitoxic activity as it contained less than 1000 
units of antitoxin per gm. It was found that this euglobulin (Fraction 
IV-C1) was a lipoprotein from which the lipide could be extracted from 
aqueous suspensions of the protein by freezing in the presence of ether as 
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described by McFarlane (7). After the ether extraction was repeated three 
or four times, the protein became readily soluble in water. 

The water-soluble or pseudoglobulin fraction (No. IV-C2) contained 
11.500 units per gm. of antitoxin. The electrophoretic pattern showed 
several distinct boundaries (Fig. 1, B). The electrophoretic analysis of 
Fraction IV-C2 (Table I) shows that y-globulin is completely absent, and 
T-globulin nearly so. Because of the antitoxic activity still present in this 
fraction, it must be concluded that the additional component or com- 
ponents with which tetanus antitoxic activity is associated in hyperimmune 
horse plasma is distinet from the y- and T-globulins, and that it is probably 
associated with the more rapidly migrating 8 components. In view of 
its apparent solubility in water at the isoelectric region of about pH 5.0 


after prolonged dialysis, it is probably a pseudoglobulin.' 


———p 





Fic. 1. Electrophoretic patterns obtained with (A) Fraction IV, (B) Fraction 
IV-C2, and (C) Fraction IV-Cl. Fraction IV-Cl is mainly an @-euglobulin which is 
nearly devoid of antitoxic activity. Fraction I[V-C2 is a pseudoglobulin fraction 
rich in antitoxin; it is free from y-globulin and contains only a trace of T-globulin. 
These photographs show descending patterns after migration for 250 minutes in 
veronal buffer at pH 8.4 to 8.6 at 1°. 


Antitoxic y-Globulin—Homogeneous y-globulin may be prepared from 
horse plasma either by Method 9 (Fraction II-3) or by reworking Fraction 
II obtained by Method 3C. The latter may be accomplished by dissolving 
Fraction II in water at 0° and discarding the portion insoluble at pH 5.2 
in 15 per cent ethanol at —2°. The y-globulin is then precipitated with 
25 per cent ethanol at pH 7.0 and —5°. If the y-globulin is still not 
homogeneous, the procedure may be repeated. The electrophoretic pat- 
terns obtained with a homogeneous y-globulin are shown in Fig. 2. 

Antitoxic T-Globulin—Fraction III-1 obtained by Method 3C was re- 
vorked by dissolving the precipitate at pH 5.0 and O° and at an ionic 
strength of 0.05. The insoluble portion was discarded, and the T-globulin 
vas then precipitated at pH 6.0 with 15 per cent ethanol at —2°. The 

It is recognized that a part of the antitoxin may be precipitated on prolonged 
electrodialysis (Gerlough and White (8)). The term pseudoglobulin is used here to 
distinguish the relatively water-soluble antitoxin from the inactive lipide-rich 
euglobulin fraction which is readily precipitated on dialysis 
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preparations which we have studied have not been completely homogeneoyg 
electrophoretically whether reworked by this or other methods. Son, 
asymmetry has always been present on the fast moving side of the elec. 
trophoretic pattern when studied on the alkaline side of the isoelectrie 
point. In addition to this faster moving material, y-globulin may also be 
present; this y-globulin is not readily detected electrophoretically, byt 
may be partially separated on refractionation. 

A chemical method may be useful for evaluation of the purity of T. 
globulin. Our preparation of T-globulin which was most nearly homo. 
geneous electrophoretically had a sulfur content of 0.81 per cent (Smith. 
Greene, and Bartner (9))2 Other preparations of T-globulin had values 
ranging up to 0.90 per cent sulfur; these all contained considerable amounts 
of y-globulin. In certain instances, this chemical criterion may be mor 
satisfactory for studying the purity of T-globulin than the examination of 
electrophoretic patterns. It is extremely difficult to resolve electrophoreti- 








Fig. 2. Electrophoretic patterns of homogeneous y-globulin taken after 250 min- 
utes migration at various pH values. The buffers were all univalent at an ioni 
strength of 0.1 The photograph at pH 5.8 shows an ascending migration; the others 


the descending pattern 


cally proteins possessing mobilities as close together as those of y- and T- 
globulins. 

In addition to the differences in sulfur content, T-globulin preparations 
have shown some variation in electrophoretic mobility. In veronal buffer 
at pH 8.5 to 8.6 and at an ionic strength of 0.1, the mobilities have ranged 
from —1.8 to —2.6 X 10-° sq. em. per volt per second. The more rapidly 
migrating fractions have contained some §-globulin. All of the T-globulin 
preparations have shown greater symmetrical spreading than that er 
pected for homogeneous proteins. Some of the electrophoretic patterns 
obtained with the T-globulin containing 0.81 per cent sulfur are shown 
in Fig. 3. 

Comparison of Different Antitoxrins—From the methods of preparation, 
it is quite apparent that the various types of proteins with which antitoue 

2 Redeterminations of the sulfur content gave an average value of 0.81 per cent 
rather than the lower value of 0.69 per cent reported earlier (9) 
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activity is associated possess different isoelectric points. As determined 
from the electrophoretic mobilities in univalent buffers at an ionic strength 
of 0.1, the isoelectric point of the y-globulin is at pH 6.8, and of the T- 
globulin at pH 6.1. The antitoxin obtained from Fraction IV probably 
possesses an isoelectric point near pH 5.2 as judged by its relative solu- 
bility in 25 per cent ethanol at pH 5.8 and its precipitation when the pH is 
adjusted to 5.2. 

The y-globulin with tetanus antitoxic activity is apparently the same 
size as normal horse y-globulin, judged by its diffusion constant. The 
average value as previously reported is Dy, = 3.9 X 1077 sq. em. per 
second (3). Pappenheimer, Lundgren, and Williams (10) obtained 4.4 X 
10-7 for a highly potent diphtheria antitoxic globulin which was isolated by 
precipitation with the specific toxin. 

The diffusion constant of the T-globulin was measured in the electro- 
phoresis cell by the method described by Longsworth (11) from photo- 


—=—_—— > 
ph=8.46, 150 min pH=8.46, 250 min 






Fig. 3. Electrophoretic patterns of a purified T-globulin at different pH values in 


univalent buffers at an ionic strength of 0.1, photographed after migration for 250 
minutes at pH 6.0 and pH 3.95, and after migration for 150 and 250 minutes at pH 8.46 


graphs taken by the schlieren scanning method. Results were computed 
by the formula D = (A.)/(4rtH*) where A is the area under the curve, 
H the maximum height, ¢ the time in seconds, and D the diffusion constant 
in sq. em. per second. The runs were performed at 1° in veronal buffer 
at an ionic strength of 0.1 at pH 8.6; the values were corrected to water 
at 20°. 

The T-globulin gave diffusion constants, Dy, = 3.3 to 3.5 &k 10-7 
sq.cm. per second. ‘These values are somewhat lower than those obtained 
for the y-globulin, and indicate either a somewhat larger molecule or the 
presence of some heavier material in these preparations of T-globulin. 

Aside from the differences in physical properties (solubilities, isoelectric 
points, and mobilities), the y- and T-globulins show distinct differences in 
chemical composition. Data already reported by Smith, Greene, and 
Bartner (9) show differences in sulfur and in amino acid content. Further 
studies of the amino acid composition, as yet unpublished, show additional 
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differences in composition. The absorption spectra of the antitoxie 4. 
and T-globulins have already been described (Smith and Coy (12)). 


DISCUSSION 


Some of the antibodies, which have been isolated by specific precipitg. 
tion with antigen, have been found to be homogeneous proteins (13 
This is particularly characteristic of antibodies to the pneumococcus poly. 
saccharides. It was, therefore, assumed that the antibodies of an anima 
are a single type of protein molecule characteristic both for the species an¢ 
for the antigen. That this should be so for the pneumococcus antibodies 
is consistent with the observations that the animal protection titer eq 
be directly correlated with the specific agglutination power (14). Hoy. 
ever, with the antitoxins the situation is much more complex. The work 
of Kekwick and Record (2) showed for diphtheria antitoxin that th 
flocculation capacity of the electrophoretically isolated 8- and y-globulin 
differed. Specific precipitation might tend to precipitate selectively on 
form of antitoxin in greater proportion than the other. Similarly, Northroy 

15) found that different fractions of diphtheria antitoxin after precipita. 
tion with toxin gave different combining ratios of toxin and antitoxir 
He concluded that there are at least two antitoxins 

Specific precipitation has never been satisfactory for the evaluation of th 


potency of tetanus or other antitoxins. We believe that the explanatior 


lies in the finding that horse plasma contains at least three distinct types of 
protein molecules associated with antitoxie activity which, like the dipb. 
theria antitoxins, differ in their flocculation capacities. It is well know 
that protection may be retained by antibodies which have been made 
non-agglutinating by various methods. The work of Horsfall and Goodner 
(16) is particularly interesting in this connection, since they found that 
flocculating power was influenced by the removal or addition of cephalin 
while at the same time the protective capacity of the antibody was w- 
changed. Tyler and Swingle (17) have recently discussed some of th 
agents which may alter flocculation of antibodies. It is clear, from thei 
work and that of earlier investigators, that diphtheria antitoxin may b 
altered so that flocculating power is greatly modified without changing 
the capacity for animal protection. 

The antitoxins isolated in this study are of lower potency than th 
preparations which have been made by digestion with proteolytic enzyme 
(15, 18-20). Digested antitoxins which are approximately half the molect- 
lar weight of the globulins present in the plasma possess potencies abot 
double those of the undigested proteins. However, in this investigatial 
the main objective has been to determine the nature of the antitoxim 
actually present in the plasma rather than to obtain a method for cot 
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centrating antitoxins of high potency. For the latter purpose, the diges 


tion methods appear to be superior 


We acknowledge the technical assistance in certain phases of this work 
of Douglas M. Brown, Leo Zuckerman, and Elliot Bartner. We are also 
grateful to Dr. John W. Palmer for his cooperation in this study 


SUMMARY 


1. The tetanus antitoxic activity ol hyperimmune horse plasma has 
been shown to be present in at least three distinct proteins: T-globulin, 
y-globulin, and a 8-pseudoglobulin. 

, 4 Methods have been described for the isolation of electrophoretically 
homogeneous y-globulin and for nearly homogeneous T-globulin by al- 
coholic fractionation. By dialysis, a 8-pseudoglobulin fraction rich in 


antitoxie activity could be separated from an a-euglobulin fraction rich 


in lipide and nearly devoid of antitoxic activity. 
3. Some of the properties of the antitoxic fractions have been discussed 


with particular reference to their effect on antitoxic assavs 
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DIHYDROXYPHEN YLALANINE METABOLISM IN THE PRES- 
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Ascorbic acid represents one of the important regulatory factors in the 
deposition and metabolism of melanin pigment. The most striking ex- 
ample of this relationship is to be seen in the removal of the characteristic 
coppery bronze of the skin of patients with Addison’s disease by adminis- 
tration of adequate quantities of the vitamin (1). 

In the investigation of the mechanism of the above activity of ascorbic 
acid, the melanin precursors, tyrosine and 3,4-dihydroxyphenylalanine, 
were individually fed to guinea pigs. With the inclusion of either of the 
amino acids in the diet, an increased ascorbic acid requirement was ob- 
served (2). In the case of tyrosine further analysis demonstrated the ex- 
tensive rdle of ascorbic acid in the catabolic metabolism (3) as well as that 
involving melanin formation. With the dihydroxyamino acid as with 
tyrosine an increased requirement for the vitamin was also observed in al- 
bino guinea pigs, although these animals are incapable of forming melanin 
pigment.! The effect of feeding the amino acids to pigmented (all black) 
animals was definitely greater than with the albinos. However, the re- 
sults with the latter were suggestive that dihydroxyphenylalanine in its 
metabolism bears a more complex relationship to ascorbic acid than that 
of melanin formation alone. 

Added impetus to further investigation of dihydroxyphenylalanine 
metabolism in this connection is furnished by the more detailed findings in 
the tyrosine problem (4). Modification of the more obvious features of 
the tyrosine molecule by the formation of derivatives and analogues was 
found to yield compounds which were metabolized independently of as- 
corbic acid. 3,4-Dihydroxyphenylalanine not only represents an addition 
to the list of tyrosine derivatives but also affords the initial opportunity 
to determine whether or not this action of ascorbic acid resides specifically 
in the metabolism of the hydroxyphenylalanines. Consequently, the 
oxidative behavior of this amino acid has been further studied by utilizing 


* An abstract of this material has been published (Federation Proc., 6, 152 (1946)). 
'Sealock, Ziegler, and Driver, unpublished 
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surviving slices of liver and kidney tissues from normal and scorbutie 
guinea pigs in the same way that tyrosine has been studied (3). 


EXPERIMENTAL 


As in the previous study (3), 300 to 400 gm. guinea pigs were maintained 
on a vitamin C-free basal diet of ground and aerated Purina rabbit choy 
(complete ration). Half of the animals received im addition 20 mg. of 
crystalline ascorbic acid each day. The normal and scorbutic animals 
were used after 15 to 25 days on the respective diets. The non-fasted ani- 
mals were stunned by a blow at the occiput and killed by bleeding from the 
severed jugular veins. 

The in vitro respiration of slices from both the liver and kidneys was de- 
termined in the Murlin-Marsh flask (5), the tissue being suspended in 1 ml, 
of Ringer-phosphate buffer at pH 7.4. At the end of the equilibration 
period either 1 mg. (5.08 micromoles) of /-3 ,4-dihydroxyphenylalanine or | 
ml. of buffer alone was emptied from the appropriate side arm. At the 
end of 3 hours, during which time the oxygen consumption was observed 
at intervals, the total carbon dioxide production was measured in the 
usual fashion. The Qo, and Qeo, (microliters per hour per mg. of dry 
tissue) were then calculated for each of the two, three, or four flasks repre- 
senting each experimental condition. In addition, the excess substrate oxy- 
gen or carbon dioxide has been calculated in terms of the ratio of atoms of 
oxygen or moles of carbon dioxide to moles of amino acid present. The 
limitations of the assumptions made have been referred to in the previous 
publication (3). In any case consideration of both the Q values and the 
ratios proves more informative. 

The experimental results reveal that the kidney slices are more active in 
the oxidation of dihydroxyphenylalanine than are liver slices. Therefore 
typical experiments with normal and scorbutic kidney slices are illustrated 
in Fig. 1. In the plot of the oxygen uptake per mg. of tissue against time 
it becomes obvious that the normal tissue upon the addition of the amino 
acid exhibits an increased oxygen consumption. The actual increase 
in all cases amounted to an average of 29.3 percent. In the case illustrated 
the difference between the two sets of flasks at the end of 3 hours equaled 
7.62 microatoms of oxygen, representing an oxygen to dihydroxyphenylal- 
anine ratio of 1.50. It should be observed that in neither the control nor 
the experimental flasks had the maximum value been obtained. Conse- 
quently had the experiment been continued longer, an even higher ratio 
would be predicted. Of even greater interest to this discussion is the com- 
parison between the normal tissue and the scorbutic tissue, also illustrated 
in Fig. 1. The curve for the experimental flasks is almost identical with 
that for the control flasks. In other words the addition of the amino acid 
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to scorbutic kidney slices caused only very slight increase in oxygen con- 
sumption. The actual difference in the total uptake amounted to only 
0.758 microatom, a quantity equivalent to an oxygen to dihydroxyphenyl- 
alanine ratio of 0.149. 

That these are typical results is evident from the more detailed summary 
of Table I. Comparison of the Qo, values of Columns 2 and 3 shows the 
failure of the deficient slices to « xhibit an increased oxvgen consumption 
in the presence of the substrate. The summary of the ratios obtained like- 
wise substantiates the difference in (Jos values, for with the deficient tissue 
the maximum ratio is 0.106, which is to be compared with the minimum 
value of 1.04 obtained with normal slices. 

The speed with which the kidney tissue loses its ability to oxidize di- 
hydroxyphenylalanine is evident in a comparison of the oxygen to dihy- 














' ’ 
30 NORMAL 30K oe t 
6 days 
20. ' 7 O/D 0.149 
r O/d 1.50 ' 
Basal Oo 
10 1Or 
With |.O mg. Dinydroxy- 
5 phenylalanine oO. a 
ni 1 i L i | = , = 4 B i L 
60 120 180 60 120 180 


TIME, Minutes 


Fic. 1. The oxygen consumption of kidney slices from a normal and a scorbutic 
guinea pig Fach point represents the average of duplicate or triplicate deter 


minations. 


droxyphenylalanine ratios obtained at different stages of vitamin C-free 
feeding. Whereas the average normal ratio was 1.43, one animal used after 
15 days without ascorbic acid gave a ratio of 0.106. In asecond animal used 
on the 25th day the ratio was 0.070. Obviously, the activity is lost rapidly 
in the early days of the experimental régime and its loss parallels the rapid 
loss of ascorbic acid in the first days of deficiency experiments. 

The dependence of the amino acid oxidation upon a sufficient supply of 
the vitamin is emphasized by the experimental results of Column 4. With 
these guinea pigs ascorbic acid was administered after a marked state of 
scurvy had become evident. The subcutaneous injection of 20 mg. a day 
for 6 days immediately prior to use of the animal not only removed the 
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scorbutic symptoms but caused the kidney tissue to regain its ability to 
oxidize dihydroxyphenylalanine. ' This may be seen in the comparison be- 
tween the control Qo,, 6.82, and the experimental, 11.3, or in the oxygen 
ratio of 1.71. This latter value proves slightly higher even than that ob- 
tained with the animals of Column 2 and is certainly not at all like that of 
Column 3. From this it may be concluded that the ability of the norma] 
animal to oxidize the amino acid is not irreversibly lost in the scorbutic 
state, but is regained with a renewed supply of the vitamin. At the same 


TABLE | 


Dihydrozyphenylalanine Oxidation by Kidney Slices 


The results obtained with four guinea pigs are represented in each group with the 
exception of the final one which included three animals 


Ascorbic acid injected 


Normal Scorbutic 
Scorbuti Normal 
1) 2 3) (4) (S) 
Control flasks, without substrate 
Tissue dry weight, average, mg.| 7.6 5.8 8.2 7.0 
Qo,, range 7.21— 8.62 9.42 -11.56 5.90- 7.47) 6.60- 9.27 
‘* average 7.61 10.7 6.82 7.90 


With 5.08 micromoles dihydroxyphenylalanine 


Tissue dry weight, average,mg.| 8.8 9.6 7.4 7.0 
Qo,, range 9.75-11.34| 9°65 -11.55 | 10.17-11.98, 10.50-13.47 
average 10.78 10.8 11.3 11.8 

Oxygen 
Dihydroxyphenylalanine 
Range 1.04- 1.81) 0.026— 0.106, 1.54- 1.96) 1.24- 1.5 


Average |}. 1.43 | 0.064 1.71 1.40 


time a similar treatment with normal animals is without effect on the oxi- 
dation of the substrate, as is evidenced in the values in Column 5. 

The values for carbon dioxide production parallel those for oxygen con- 
sumption, as may be seen in the summary values of Table II. The addi- 
tion of the amino acid results in an increased Qco, with the normal tissues 


and with the tissues from treated scorbutic animals but not with those 
from animals with a deficiency of the vitamin. The calculated ratio of 
carbon dioxide to amino acid emphasizes the inability of the scorbutic tissue 
to metabolize the substrate. The ratios of less than 1.0 are obviously dif 
ficult to interpret, but perhaps represent some difficulty inherent in the | 
method employed. 
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One other feature of the experimental observations is of value at this 
point. Dihydroxyphenylalanine is a compound which is readily oxidiz- 
able to the corresponding o-quinone with the production of intense color. 
In none of the experimental flasks was there more than a trace of color 
during or at the conclusion of the incubation. It therefore seems unlikely 
that the oxidation involves the simple one of conversion to the o-quinone. 
This conclusion is supported by two additional facts, one being the produc- 
tion of extra carbon dioxide. The other is the well known fact that as- 
corbic acid in simple experiments in vitro acts as a water-soluble antioxidant 
and protects dihydroxyphenylalanine and similar compounds against 
oxidation. In these experiments the normal tissue which contains the 
greater quantity of vitamin exhibits oxidation of the amino acid. The 


TABLE II 
Carbon Dioxide Production by Kidney Slices 
The results obtained with four guinea pigs are represented in each group with 


the exception of the final one which included three animals. 


Ascorbic acid injected 


Normal | Scorbutic SS 
Scorbutic Normal 
| = = eitieiene 
Control flasks, Oc Yes range 6.35 6.64 9.42-10 $4 5.89 7 85 a. 12 = 7.35 
Without substrate, Qco,,average| 6.50 9.94 6.85 7.24 


With 5.08 micromoles, Qco.,| | 


“I 


range 
Dihydroxyphenylalanine, Qco,,| 9.1é 
average 


.54 -10.78) 8.60-10.00 | 9.80 -11.85/8.88 -10.85 
5 | 9.44 11.06 9.74 


CO, 
Dihydroxyphenylalanine 
Range 0.256- 1.01 0.478- 1.260.294— 0.618 


Average 0.578 0.736 0.485 


scorbutic tissue which is deficient in its concentration of the antioxidant 
vitamin exhibits almost no extra oxygen uptake with the amino acid. 

The liver tissues from these same animals yield results which differ in 
several respects from those obtained with the kidney tissues. In the first 
place it is obvious that the liver does not exhibit in 3 hours of incubation the 
same degree of oxidation of the amino acid. From this it must be con- 
cluded that the liver does not contain as much of the enzyme system 
or that it is present in a decreased state of activity. The fact that the 
extra oxygen consumption obtained with the scorbutic slices is not signifi- 
cantly different from that obtained with the normal slices is suggestive 
that an entirely different system is involved. This may even be one which 
is unrelated to ascorbic acid, for comparison of the Qo,,Qco,,and ratio values 
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in all four groups of animals demonstrates that the lack or addition of extra 
Certainly the activity of the 


ascorbic acid is without appreciable effect. 


TaB_e III 
Dihydroxyphe lalanine Oxidation by Liver S 


Che results obtained with four guinea pigs are represented in each group with the 


exception of the final one which included three animals 

A ecte 

X\ _ 
S Normal 
Control flasks without substrate 

Tissue, dry weight, average, mg.|16.4 16.9 14.5 14.7 
(o., range 2.06 -2.67 2.15-3.31 1.77 -2.40 1.8] -2.12 
‘* average 2.32 2.69 2.10 1.96 


With 5.08 micromoles dihydroxyphenylalanin 


Tissue dry weight, average, mg. |18.4 24.5 17.4 15.1 
Qo,, rang 2.22 -2.8% 2.31-3.29 | 2.17 -3.13 | 2.18 -2.57 
average 2.51 2.82 2.81 2.40 
Oxygen 
Dihydroxy phenylalanine 
Range 0.050-0.351) 0 0.746) 0.320-0.965) 0.260-0.42 
Average 0.209 0.337 0.568 0.365 


TABLE I[\ 
Carbon Dioxide Production by Liver Sli 
The results obtained with four guinea pigs are represented in each group with the 


exception of the final one which included three animals. 





Ascorbic acid injected 
Normal Scorbutic 
Scorbut Normal 
Control flasks, Qco., range 2 .36-2.71 1.94-2.95 1.44 -2.64 1.66 -1.99 
Without substrate, Qco,, average 2.59 2.50 2.10 1.78 
With 5.08 micromoles, Qco,, 
range 2.48-2.80 | 2.55-3.37 1.96 -3.47 | 1.96 -2.0 
Dihydroxyphenylalanine, Qco,, 2.61 2.83 2.63 2.00 
average 
CO 
Dihydroxyphenylalanine 
lange 0 0.210 0 0.385 0.057-0.380 0.081-0.16 
Average 0.101 0.210 0). 220 0.095 


liver as it is summarized in Tables III and IV is entirely different from the 


activity observed in the presence of tyrosine (3 
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With the preceding demonstration of the réle of the kidney in dihy- 
droxyphenylalanine oxidation and the necessity of an adequate supply of 
ascorbic acid as well as the reversibility of the relationship the next question 
becomes obvious. Will the addition of ascorbic acid in vitro to kidney 
slices from scorbutic guinea pigs cause these tissues to regain their ability 
to oxidize dihydroxyphenylalanine? The answer is to be seen in the 
Ascorbic acid is itself readily oxidized; therefore it 


summary in Table Y. 
From the 


has been added to tissues with and without the amino acid. 
difference in oxygen consumption between the two sets of flasks it is pos- 
sible to calculate the oxygen consumption due to the amino acid which 
results from addition of the extra ascorbic acid. In Table V the results 
obtained with four scorbutic tissues are shown. With 0.3 mg. of added 


TABLE \ 
Dihydroryphenylalanine Oxidation 


Kidney slices with 0.3 mg. of extra ascorbic acid. 


With dihydroxyphenylalanine 
t 0 
hc Oxygen 
O: Dihydroxyphenylalanine 
Scorbutic animals 9.01 12.4 1.35 
8.26 11.4 1.27 
5.84 12.3 1.29 
8.64 11.1 ry 
\verage 8.69 11.8 1.23 
Normal animals 5.30 9.63 0.704 
S.26 11.09 1.48 
8.17 10.27 0.867 
(verage 8.24 10.33 1.017 


ascorbic acid, the scorbutic slices yield with the amino acid an average 
(Qo, of 11.8, which represents an increase of 35.8 per cent above the control 
value. This difference for the 3 hours of incubation is equal to an oxygen to 
dihydroxyphenylalanine ratio of 1.27, a value which compares favorably 
with that of Column 2 and not at all with that of Column 3 of Table I. 
Therefore it may be concluded that the addition of crystalline ascorbic 
acid to scorbutic kidney slices causes the slices to regain their ability to 
Experiments of the same type with normal kidney 
As may be seen in Table 


oxidize the amino acid. 
tissue have been included as additional controls. 
V, the average ratio of 1.02 is not radically different from that obtained with 
the untreated normal tissue of Table I. 
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These findings emphasize the point referred to in a previous paragraph; | 
namely, that the vitamin in simple solutions of the amino acid protects | 
against oxidation. However, in the presence of the surviving tissue celk 
the situation is reversed and oxidation of the amino acid occurs, thus ep, | 
phasizing the réle of ascorbic acid in the tissue oxidation. 


| 


DISCUSSION 


With these results the ability of a second aromatic amino acid to be | 
oxidized by surviving tissue slices is shown to depend upon an adequate | 
supply of ascorbic acid. A distinct difference, however, exists in the ty 
instances. In this case the system responsible resides inthe kidney. With | 
tyrosine (3) the ascorbic acid-dependent system is significantly more actiy 
in liver tissue. This difference in itself is a strong argument that two rad. 
cally different enzyme systems are involved. On the other hand, the ap 
feature in common, that is, the influence of ascorbic acid, suggests thai 
there may be other aspects which are similar. In either case, further 
analysis of the réle of the vitamin affords an excellent opportunity to study 
comparatively the catabolic metabolism of the two amino acids. 

As in the case of tyrosine (3), the experimental results do not permit s 
decision as to the nature of the action of ascorbic acid. Either a direc 
activity in the enzyme system or some indirect influence may be the ex 
planation. Choice between the two must of necessity await further eluc- 
dation, as has been pointed out in the previous paper. 

The inability of scorbutic kidney slices to oxidize dihydroxyphenylalanin 
assumes additional interest when considered in the light of recent finding 
by Raska (6). According to this author extracts of ischemic kidneys pro- 





duced by partial constriction of the renal arteries (dogs and rabbits) ex 
hibited a markedly decreased oxygen consumption in the presence of l- 
dl-dihydroxyphenylalanine. If, as Raska and others have suggested, 
anaerobic decarboxylation of the amino acid without adequate subsequent 
aerobic oxidation of the resulting pressor amine is a contributing factor | 
hypertension, then any other factor operating to furnish a greater precurstt| 
concentration becomes of immediate interest in the question of hyperter- 
sion. Our own results demonstrate the failure of the amino acid cataboli| 
system with deficiency of the vitamin. One may then specifically raix| 
the question, on the basis of these arguments, of the possible relationship 
ascorbic acid to the problem of hypertension. 


SUMMARY 


1. Surviving kidney slices from normal guinea pigs readily oxidiz 
1-3 ,4-dihydroxyphenylalanine, for in the presence of the amino acid th 
Qo, is 10.8 as compared with the control value of 7.61. In 3 hours of 
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graph cubation the difference in oxygen consumption represents 1.43 atoms of 
rotects:| oxygen per mole of amino acid. 

ie cells 2. With scorbutic kidney slices dihydroxyphenylalanine is not oxidized, 
1s em-| as is evidenced by control and experimental Qo, values of 10.7 and 10.8 
respectively. 

3. The ability of the kidney tissue to oxidize the amino acid is not 
irreparably lost in the scorbutic state, for the administration of ascorbic 
to b acid in quantities sufficient to cure the scurvy causes the tissue to regain 
its normal activity in the presence of dihydroxyphenylalanine. 


quate 
e th 4. In the same way, addition of crystalline ascorbic acid to the scor- 
Wit; | butic slices in vitro results in a return of the normal ability to oxidize the 


activ | substrate amino acid. 
0 radi. 5. Liver slices from the same animals were in all cases very much less 
1e om | active than kidney slices, and the amino acid oxidation which did occur 


s thi} appeared to be unrelated to the state of vitamin C nutrition of the animal 


urthe | under the experimental conditions used. 
studi 6. The production of carbon dioxide exhibited the same pattern as did 
the oxygen consumption with both kidney and liver tissue. 
mit 4 
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In a previous analysis of the destruction of thiamine by the Chastek 
paralysis enzyme of fish tissues it was found that certain compounds closely 
related to the vitamin in structure were able specifically and competitively 
to inhibit the action of the enzyme. In this study (1) the compound o-am- 
inobenzyl-(3)-4-methylthiazolium chloride was found to be the most active 
inhibitor of those tried. With it, the enzyme inhibitor dissociation constant 

Michaelis constant) of 1.97 X 10-* mole per liter was calculated. This 
value is to be compared to the enzyme substrate dissociation constant of 
8.31 X 10-° mole per liter determined in the same experiment. It, there- 
fore, was obvious that this inhibitor substance possessed the structural 
features necessary for combination with the enzyme, and, further, that the 
characteristic features of the thiamine and inhibitor molecules were ideally 
suited to a more detailed analysis of the mechanism of combination of 
enzyme and inhibitor. As a first step in this analysis, the structure of 
the inhibitor molecule has been systematically modified with regard to 
three groups. As may be seen in the accompanying diagram, the amine 
group may be either absent or in an ortho, meta, or para position. Thus 
is provided additional opportunity to confirm its previously described im- 
portance in the inhibitory mechanism (1). Likewise, the desired alteration 
of the molecule has involved the hydrogen atom and methyl group of the 
2 and 4 positions respectively of the thiazole ring. In addition the avail- 
ability of 4-methyl-5-8-hydroxyethylthiazole made possible the synthesis 
of the corresponding quaternary salts, although the previous investigation 
by Sealock and Goodland (1) had shown the hydroxyethyl side chain not 
to be a requisite of an effective inhibitor. 

The synthesis of the desired analogues described in this paper was readily 
achieved by following the procedure described by Clarke! (2) for the o- 
aminobenzyl-(3)-4-methylthiazolium chloride. This method consisted 
essentially of three parts. In the first the thiazole component was prepared 


* Present address, Department of Biochemistry, Cornell University Medical Col- 
lege, New York. 

t Present address, Department of Chemistry, Iowa State College, Ames, Iowa. 

! The authors are indebted to Professor Clarke for making available his method of 
synthesis prior to publication (2 
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~NH, 


2 and R’ may be either H— or CH,;—. 


by condensation of a thioamide with an a-chloroketone or aldehyde as 
originally described in principle by Hantzsch in 1888 (3) and as depicted in 
the accompanying scheme. ‘The thiazole was then converted to the quater- 
nary salt by coupling with benzyl chloride or the appropriate nitrobenzy! 





R R 
| 
H,N—C=s C——s 
@ N O,- C,H, CH, Cl 
+ ——> N tt 
Cl C=—=CH 


O=C—CH, R’ 


R’ 
R R 
| | 
C—S C——8 
O Sn O | 
NO;- C,H, CH,.— N a ag NH, - CsH, CH,—N | 
+ | SnCl, +\ | 
cl- C=—CH —=—CH 
| | 
R’ R’ 


chloride as in the method of Clarke (2) for the synthesis of o-aminobengyl- 
(3)-4-methylthiazolium chloride. In the final step the method of Clarke, | 
involving the reduction of the nitro group with tin and stannous chloride, 
yielded the amine hydrochloride. For the sake of convenience the com- 
pounds obtained are tabulated with certain of their characteristics. The 
results of the enzyme studies will be recorded in a later communication. 


EXPERIMENTAL 


. o rm: ' 
2-Methylthiazolee—This compound was prepared by the method d 
Hantzsch (3) from chloroacetal and thioacetamide, the former substane | 


? Dr. D. 8. Tarbell and Mr. R. Bauman of the Department of Chemistry very 
kindly assisted in the preparation of the methylthiazoles. 
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being prepared by the method of Filachione (4) and the latter by the 
method of Kindler (5). 

4-Methylthiazole—The method of Clarke and Gurin (6), in which thio- 
formamide, obtained by Gabriel’s (7) procedure, and chloroacetone were 
condensed, proved an excellent one for preparation of relatively large 
quantities of this base. 

2 ,4-Dimethylthiazole—The method of Hantzsch (3) or the slightly different 
one of Clarke and Gurin (6) was used to obtain the dimethyl compound. 

4-Methyl-5-8-hydroxyethylthiazole was very kindly supplied by Dr. J. 
M. Carlisle of the Medical Department of Merck and Company, Inc. 

Nitrobenzyl Chlorides—The ortho and para compounds were obtained from 
commercial sources except for a portion of the latter. This was prepared 
by adding slowly and with stirring 53.8 gm. of benzyl chloride to 275 ml. 
of a mixture of equal parts of concentrated nitric and sulfuric acids cooled 
to 10°. The temperature rose to 30° during the 30 minutes required for 
the addition. The mixture was stirred for 30 minutes and then poured 
into 500 gm. of crushed ice. The crystalline material was recrystallized 
from 150 ml. of ethanol, an over-all yield of 43 per cent being obtained. 
The crystals melted at 71.7—72.8° (corrected). m-Nitrobenzyl chloride 
was prepared from the alcohol, 5 gm. being refluxed with 25 ml. of concen- 
trated hydrochloric acid on a boiling water bath for 1.5 hours. The ether 
extract was washed with water and sodium carbonate and dried with so- 
dium sulfate. Evaporation of the ether yielded an oily residue which 
crystallized on cooling. A 70 per cent yield of the crude compound was 
obtained. Recrystallization from Skellysolve B gave a product melting 
at 43.5-46°. 

Benzyl-(3)-thiazolium Salts—The thiazoles and benzyl chlorides were 
converted to the quaternary compounds by the method devised by Clarke 
(2). 0.04 mole quantities of the reactants in 4 to 6 ml. of benzene contained 
in a sealed tube were heated at 95-100° for several days; that is, until no 
further evidence of crystal formation was apparent. By this criterion the 
2,4-dimethylthiazole derivatives formed most slowly. The crude products 
were washed thoroughly with several portions of benzene, then with ether, 
and finally recrystallized, usually from 2 volumes of hot absolute ethanol. 
o-Nitrobenzyl-(3)-4-methyl-5-8-hydroxyethylthiazolium chloride was much 
less soluble, 12 gm. requiring 150 ml. On the other hand, the 2 ,4-dimethyl- 
thiazole compounds were more soluble, for it was necessary to recrystallize 
the o- and m-nitro isomers from only 1 volume of alcohol. The p-nitro 
isomer crystallized after the addition of 1 volume of ether and was recrys- 
tallized from 5 ml. of absolute alcohol containing 2 moles of hydrochloric 
acid and 5 ml. of ether. The yields of crude and recrystallized material 
and the melting points of these compounds are recorded in Table I. 

Aminobenzyl-(3)-thiazolium Salts—The nitro compounds were reduced 
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with tin and stannous chloride as described by Clarke (2). The removal of 
stannous ion with hydrogen sulfide was carried out at about 5° and 4s 
quickly as possible in order to prevent the type ol splitting of the quater- 
nary linkage described by Snyder and Speck (8). In the majority of cases, 
it was found necessary to complete the drying of the concentrated solution 





in a small centrifuge tube in a vacuum desiccator over phosphorus pent- 
oxide. Crystallization or recrystallization was accomplished by the use 
of the very carefully adjusted ratios of alcohol and water indicated in Tabk 
II. The quantities recorded were used to crystallize the vield obtained 


Pape | 
Nitrobenzyl-(3)-Thiazolium Chl 
Vie 
Compound - M.p., corrected 
( € Recrystallize 
i. = ; 
per cent per cent C. 
o-Nitrobenzyl-2-methylthiazole 100 SO 176-177 
m-Nitrobenzyl-2-methylthiazole 64 oU 149-151 
p-Nitrobenzyl-2-methylthiazole 52 50 196 -199 
o-Nitrobenzyl-4-methylthiazole} i4 Ob 187.5-188 
m-Nitrobenzyl-4-methylthiazole 74 69 192 -192.5 
p-Nitrobenzyl-4 methylthiazole 99 19 143 L44 
o-Nitrobenzyl-2,4-dimethylthiazole 15 199-201 
m-Nitrobenzyl-2,4-dimethylthiazole 32 16 212 -213 
p-Nitrobenzyl-2,4-dimethylthiazole 24 71 72 
o-Nitrobenzyl-4-methyl-5-8-hydroxy O6 S4 199 .5-200.5 
ethylthiazole 
m-Nitrobenzyl-4-methyl-5-8-hydroxy SS 72 152 -153.5 
ethylthiazole j 
p-Nitrobenzyl-4-methy]l-5-8-hydroxy S4 i2 172 -173 


ethylthiazole 


* In the majority of cases small quantities of material may be obtained by the 
cautious addition of ether to the mother liquors. 
t This compound was first described by Professor Clarke (2). 





from 0.005 mole of reactant unless otherwise indicated. Those compounds 
having the 8-hydroxyethyl side chain proved difficult to crystallize. The 
benzyl and p-aminobenzyl derivatives were eventually obtained in the 
crystalline state, but the o- and m-amino compounds were obtained only 


in the amorphous state. 

A crystalline tin salt was isolated in one case. ‘The m-aminobengzyl- 
(3)-4-methylthiazolium chloride yielded beautiful white crystals upon 
cooling at the conclusion of the reduction process. It was separated and | 
recrystallized from a solution of 15 per cent alcohol in m hydrochloric acid. | 
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It melted at 181—-182° without decomposition. Treatment of the salt wit! 
hydrogen sulfide yielded stannous sulfide and the quaternary salt. | 

The melting or decomposition points of these compounds were found: 
vary greatly with the rate of heating. The values (corrected) recorded j: 
Table II were obtained under carefully standardized conditions. The » 


proximate melting point was first determined and then a fresh sample wa 


placed in the bath at a temperature 10-15° below that observed. 7 
temperature was increased at the rate of 2° per minute and the temper, 
tures of first pronounced darkening and either melting or appearance of th 


decomposition product were recorded. Usually this range was not greate; 


than 2°. 

The elementary analysis’ of some of these compounds presents th 
difficulties frequently encountered in the case of quaternary salts, }p 
Table II, when an analysis has been omitted, satisfactory values have ng 
yet been obtained. The difficulty is in part due to the hygroscopic natur 
of the salt, although other factors probably are also concerned. 


SUMMARY 


Additional benzyl-(3)-thiazolium chloride analogues of thiamine hay 
been synthesized. These include the benzyl, o-, m-, or p-nitrobenzy] and 
0-, m-, or p- aminobenzyl quaternary salts of 2- or 4-methyl-, 2 ,4-dimethy!- 
and 4-methyl-5-8-hydroxyethylthiazoles. 
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+ The analyses were made by Mr. Carl Claus of the Department of Chemistry, fr 
which assistance the authors are extremely grateful 
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STUDIES OF ACTIN AND MYOSIN 


By M. A. JAKUS anp C. E. HALL 


(From the Department of Biology, Massachusetts Institute of Technology, 
Cambridge) 


PLATES 1 TO 3 
(Received for publication, November 26, 1946 


The investigation of the globulin fraction of muscle was begun in the 
last century by biochemists such as Danilewsky, Halliburton, and von 
Firth and continued, in greater detail, more recently by Edsall (1), von 
Muralt and Edsall (2), Weber (3), Greenstein and Edsall (4), Edsall and 
Mehl (5), and many others. This globulin component, known as myosin, 
has been estimated at 50 to 70 per cent of the total protein of striated 
muscle (3, 6) and can be extracted from macerated muscle tissue in alka- 
line salt solution (3, 4). Such a myosin extract is quite viscous and is 
characterized by a pronounced double refraction of flow (2), indicating 
the presence of highly asymmetrical particles. Von Ardenne and Weber 
(7) first showed electron micrographs of myosin filaments. Hall, Jakus, 
and Schmitt (8) subsequently made a comparative study of myosin ex- 
tracts obtained from several different animal forms and demonstrated 
the identity of the filaments observed with those forming the major com- 
ponent of the myofibyils. In the intact myofibril, the myosin filaments 
are of indefinite length, passing through both anisotropic and isotropic 
bands and through successive sarcomeres. The widths of the filaments 
were found to, be fairly constant, with averages between 120 and 150 A 
for the different animal forms. The lengths of the isolated filaments 
varied greatly, indicating random breaking during the extraction pro- 
cedurg, 

Recent investigations at the University of Szeged have led to the hy- 
pothesis (9) that the globulin myosin is a complex of two proteins, neither 
of which alone has all the solubility properties of globulins. This group 
has renamed myosin actomyosin and called the two components actin 
and myosin. 

Since use of the nomenclature adopted by the Szeged laboratory may 
result in ambiguity, it seems advisable to digress briefly in order to define 
terms. Myosin will be used here in the conventional manner to designate 
the globulin extracted from muscle in alkaline salt solution (3, 4). The 
protein called myosin by the Szeged group is characterized by different 
properties. Since it is reported to be water-soluble, it will be referred 
to here as myosin (w-s). Actin is the protein isolated from muscle by 
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Straub (10), and said to combine with myosi s) to torm the compl 
actomyosin, which is considered to be identical with myosin. Banga ay 


Szent-¢ ivOrgyl 11) deseribe the isolation ot actomyosins ol different actin | 


contents by varying the time of extraction. Thus myosin A, obtaine 
after brief extraction, was a fluid actomyosin of undefined but low getj 
content, while myosin B, obtained by prolonged extraction, was charg 
terized by much higher viscosity and was identified as an actomyog: 
consisting of 5 parts of myosin to 1 part of actin. The actomyosin withj 
muscle is said to be a complex of 5 parts of myosin to 2 parts of actin, 
Actin—Actin can be extracted with water from the ace tone-treated ap 


dried residue of muscle left after the myosin (w-s) has been separate 


(12), or from myosin B similarly treated with acetone and dried (19 


The aqueous extract has low Viscosity and shows little or no double Te. 


fraction of flow. If, however, a neutral salt (such as 0.1 Mm KCl) is added 


or if the pH is lowered, the actin solution undergoes a marked increase jp 


12 


viscosity and shows strong flow birefringence (12). This phenomeng 





is referred to as the G-F transformation (globular-fibrous) or activation, | 


the increase in viscosity being an index of the activity. Activation thy 
represents the transformation of globular actin particles into elongate 


filaments, presumably by aggregation, and appears to be a reversible | 


process. 


Assuming that other investigators of muscle proteins have alway 


worked with myosin A, which is a questionable assumption, Straub (10 


concludes that the bulk of the actin has remained in the muscle stroms 


after myosin extraction. According to Balenovic and Straub (13), acti 


represents 12 to 15 per cent of the total protein of muscle. The strom | 


protein has been estimated at 15 to 20 per cent in rabbit white musek | 


(3). On the basis of the similarity of these figures, Straub is of the opinia | 


that, aside from some connective tissue and nucleoproteins, there ist 
other protein left in the stroma to which the réle of a structure protei 
could be assigned. If, however, actin forms an integral part of myosin 
as these investigators believe, it is difficult to see how it can, at the sam 
time, be identical with the bulk of the residue left after exhaustive extra 


tion of the myosin. 


Price (14) reported a significant decrease in both the viscosity and flor 
birefringence of purified filamentous actin following the addition of 0.004% 


adenosine triphosphate. Straub (10), in the publication cited by Pne 


for preparative methods, found that actin alone shows no change in vis 
cosity on the addition of adenosine triphosphate. The effect of adenosim 


triphosphate on the flow birefringence of actin solutions was investigate 
in this laboratory (see below) but none was observed. 


Myosin (w-s)—Myosin (w-s) is extracted from muscle in a KCl-phos 
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phate solution of pH 6.5 (15, 16). The extraction time is short and the 
protein is subsequently precipitated by dilution. It forms needle-shaped, 
birefringent “crystals” which appear bright in the dark-field microscope 
and sometimes form fibrous aggregates. When dialyzed, the myosin 

w-s) swells into a soft, glassy gel and can be dispersed in water to give a 
viscous sol showing double refraction of flow. Addition of 0.56 Mm KCl 
destroys the flow birefringence, which can then be restored by dilution. 

Mvosin (w-s) has been found to combine with actin, in vitro, to form a 
complex, actomyosin, in which the proportions of the two components 
may vary widely (10). Active, or F, actomyosin in 0.6 M KCI was found 
to be highly viscous and to have strong flow birefringence. Addition of 
adenosine triphosphate causes a decrease in the viscosity (12), presumably 
due to dissociation of the actomyosin into its two components. Inactive, 
or G, actomyosin, on the other hand, has a much lower viscosity, which is 
unaffected by the addition of adenosine triphosphate. 

Szent-Gyérgyi (17) postulates that in resting muscle the actomyosin 
is dissociated, the actin probably being in the fibrous form and the myosin 
w-s) forming a complex with adenosine triphosphate. Before contraction, 
actomyosin must be reformed, since the contractile unit of muscle is thought 
to be an adenosine triphosphate-actomyosin complex. Contraction it- 
self might result from a disturbance in the ionic equilibrium to produce 
the critical concentrations needed. The cross-striations of skeletal muscle 
Szent-Gyérgyi believes to be an “optical illusion,” a conclusion which 
is at variance with optical and electron microscope evidence. 

Tropomyosin—Bailey (18) reports the isolation of yet another protein 
from the water-insoluble residue of muscle. This protein, called tropo- 
myosin, is extracted in molar KCl and represents 0.5 to 1 per cent of 
rabbit skeletal muscle, wet weight. In salt-free solutions it has high 
viscosity and strong flow birefringence. It is believed to be probably a 
species of myosin and unrelated to actin. 


EXPERIMENTAL 

Actin—Actin was prepared from rabbit muscle after the revised method 
of Straub (12) or by the modification of Guba, and from myosin extracted 
according to Greenstein and Edsall (4). In the method of Guba, the 
residue remaining after the extraction of myosin (w-s) is pressed, weighed, 
and extracted with 5 volumes of 0.4 per cent NaHCO; for 30 minutes. 
It is then strained, pressed, and frozen overnight or longer. After being 
thawed, the residue is extracted three times with equal volumes of acetone, 
for about 10 minutes, and then dried. Finally, the dried residue is sus- 
pended, for 10 to 15 minutes in 20 volumes of CO,-free distilled water, and 
filtered through a Biichner funnel. The filtrate is alkaline (pH 7 to 9) 
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and contains actin in its inactive, or corpuscular, form. Solutions 


actin obtained from myosin were found to be water-clear, while thog 


of actin extracted from muscle residue were often somewhat turbid ar 
occasionally showed a tinge of yellowish color 

The transformation of the actin into its filamentous form was effect, 
by lowering the pH of the solution. Dilute acetic acid was added slowh 


with constant stirring, the pH being followed with a glass electrode, 4) 


suitable pH intervals, the viscosity, turbidity, and double refraction 
of flow were noted (qualitatively) and samples were withdrawn for electp 
microscope observation. 

A marked increase in viscosity was noted between pH 6.5 and 5.0, wit 
a maximum near pH 6. At the upper end of this range, between pH | 
and 6.5, the double refraction of flow appeared strongest. The turbidity 


on the other hand, showed an increase between pH 6 and 4, with a maximun 


near pH 5. 
Specimens for electron microscope examination were prepared in thy 


usual manner. The sample was diluted with distilled water, a drop was 


placed on the conventional supporting film, the excess removed, and th 
specimen allowed to dry. In some cases the actin was stained, befor 
being dried, for about 1 minute with 0.1 per cent phospho-12-tungsti 
acid at pH 3. 


Electron microscope specimens prepared from active actin solution 


are characterized by an abundance of long narrow filaments which ar 
undoubtedly responsible for the marked streaming birefringence. Sine: 


their widths approach the resolution limit of the electron microscope fo 
material of low electron scattering power, the filaments can be discerned 
only with difficulty when unstained. The contrast is much enhance 


by phosphotungstic acid but even after this treatment the filaments can 
scarcely be seen on the fluorescent screen of the electron microscope. ft 
making a rapid statistical evaluation of specimens, as was necessary iD 
much of this work, it is desirable to scan them rapidly on the fluorescent 
screen. For this reason the shadow-casting technique of Williams ané 
Wyckoff (19) was found to be particularly valuable, as the depositic 
of metal at an angle renders the filaments readily visible in the electra 
microscope. Most of the specimens studied were therefore shadow-cas 
prior to observation. Specimens were prepared on flat 200 mesh nick 
Lektromesh! with small holes over which the supporting film lay sub 
stantially flat. Chromium was evaporated from a tungsten filament ats 
distance of about 20 cm. from the specimens which were supported tos 
cure an angle of incidence of 10° or a shadow to height ratio of about 5.5:] 

For good visibility on the fluorescent screen, 40 to 50 mg. of chromium 


C. ©. Jelliff Manufacturing Company, Southport, Connecticut 
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were evaporated, resulting in a metal deposit of about 30 A thickness 
in the plane of the film. Although this amount of metal is suitable for 
qualitative studies of fiber formation, it is likely to obscure fine detail 
in the filaments themselves. When it was desired to study fine detail 
to the best advantage, the amount of chromium evaporated was reduced 
to 15 or 20 mg., resulting in a thickness of the order of 10 A in the plane 
of the film. In this case the filaments can be seen on the fluorescent screen 
only with difficulty. 

The G-F transformation of actin in solution can be studied qualitatively 
with the electron microscope by observing specimens made from samples 
at different pH. Micrographs of actin at pH 7.5 are characterized by 
a relatively homogeneous granular background and few filaments. Be- 
tween pH 7.2 and 6.8 the filaments are numerous and of indefinite length 
on the scale of the micrographs. Apparently the filaments are formed by 
specific aggregation of inactive actin which is discernible at high pH only 
as a finely particulate background. At pH 6.5 there have appeared some 
larger granules interspersed among the filaments. The relative quantity 
of this granular material seems to be proportional to the initial turbidity 
of the actin extract. In general the granules occur randomly dispersed. 
Although not uniform in either size or shape, many of the particles are 
rounded and show some tendency to aggregate into clusters. Like the 
filaments, the granules appear darker when stained with phosphotungstic 
acid. 

Fig. 1 isan electron micrograph of actin at pH 7.1, unstained but shadow- 
east with chromium. Fig. 2 shows actin at about pH 6.5, stained with 
0.1 per cent phospho-12-tungstic acid at pH 3. The filaments vary con- 
siderably in length, as can best be seen in Fig. 1, but are generally many 
u long. In width, however, they do not vary greatly. Measurements 
made from micrographs of stained filaments indicate that the widths lie 
between 80 and 140 A. Heights calculated from the length of shadows 
and the angle of evaporation are smaller than the widths estimated from 
stained specimens. Although there is some uncertainty in calculations 
of heights because of the roughness of the background, the difference is 
judged to be significant and indicates that the filaments are flattened 
against the supporting film, probably as a result of drying. 

As the pH is further reduced, the filaments get progressively shorter. 
Fig. 3 shows actin at pH 5.7, with many filaments of intermediate length. 
In Fig. 4, representing actin at pH 5.2, the filaments are shorter still, 
while in Fig. 5, typical of actin between pH 4.5 and 5, they appear as short 
rods. At pH 4 (Fig. 6) the short filaments seem to be heavily coated 
and tend to form irregular clumps and rope-like aggregates. If the pH 
is reduced still further, only amorphous granules and clumps and a few 
disintegrating ropy masses are seen. 
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To determine the reversibility of the observed changes, the pH was 
raised again by the addition of dilute NH,OH The transformation y 
found to be reversible from a pH as low as 4 If the pH had been redues 
to 3, however, no reversibility could be demonstrated Neutralizatig: 
then caused only aggregation of the amorphous material into large masgp 
with no filament formation. Within the range of pH 8 to 4, howeye 
the actin could be made to lose and regain its double refraction of 
many times, indicating the dissociation and reformation of filaments 
Long exposure to alkaline pH was found to have a deleterious effect 
actin, irreversibly inhibiting filament formation. The optimal pH rang 
for both stability and filament formation, as judged from the intensit 
of flow birefringence and from electron micrographs, appears to lie betwee 
pH 6.5 and 7.2. 

An investigation of the effect of adenosine triphosphate on the bin 
fringence of filamentous actin was made, in view of the significance 
a decrease in Viscosity and birefringence such as that reported by Pr 
14). Two samples of adenosine triphosphate were used, one prepar 
in this laboratory and one secured from Dr. Fritz Lipmann of the Mas 
sachusetts General Hospital. Filamentous actin was obtained eit 


directly from the aqueous extract (by addition of 0.1 M KCI or by reducing | 


the pH to about 6.5) or from the ‘‘purified” actin obtained after one, tw 
or all three of the precipitations described by Price. In each case, 0.00 
uM adenosine triphosphate at pH 7 was added and the birefringence o 
served while the solution was stirred between crossed Polaroid sheets. | 
In all cases, the results were negative; 7. e., there was no discernible chang | 
in the birefringence of flow. | 
Myosin (w-s Water-soluble myosin was extracted from rabbit skeleta 
muscle according to the method described by Szent-Gy6rgyi (17). Fres 
rabbit muscle is finely ground and stirred for 10 minutes in the cold in 
volumes of a solution containing 0.36 Mm KCI and 0.18 mM potassium phos 
phate buffer, at pH. 6.5. The suspension is then diluted with 5 volumes 
distilled water at room temperature (22°), strained through cloth, an 
stirred for about 2 hours, when a precipitate forms, presumably of act 
myosin. This is removed by centrifugation and the supernatant is dilute 
with 1.5 volumes of cold distilled water, added slowly with constant stirnm 
The myosin (w-s) separates out in needle-shaped ‘‘crystals.”” It may & 


purified by solution and reprecipitation. 








Electron micrographs of the thinner edges of the needle-shaped “erys 
tals’’ show them to consist of smaller units, oriented with their long axe 
approximately parallel to each other and to the long axis of the aggregates 
Addition of 0.2 m KCI causes disaggregation into relatively short rodlets 
Typical rodlets of myosin (w-s) are shown in Fig. 7. This specimen Wi 
fixed for 10 seconds with 0.1 per cent phospho-12-tungstic acid at abou 
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pH 5 and shadow-cast. Lengths of the filaments lie between 0.5 and 1.0 
, and widths, hich are difficult to determine owing to the uneven contour, 
are of the order of 200 to 400 A. The shadows are very short, indicating 
that the rodlets are flattened on the supporting film. 

Increasing the KCI concentration to 0.5 M causes the rodlets to dis- 
integrate and the flow birefringence to disappear, when the solution is 
stirred between crossed Polaroids. Electron micrographs show only a 
granular background and occasional membranous structures which may 
be fragments of sarcolemma. If the salt concentration is then lowered 
to 0.04 m by dilution, the myosin (w-s) reaggregates. 

Myosin—For the purpose of comparison, an electron micrograph of a 
shadow-cast specimen of myosin is shown (Fig. 8). The myosin was pre- 
pared from rabbit muscle by a method similar to that of Greenstein and 
Edsall (4) and described previously (8). The myosin filaments adhering 
to the supporting film of the specimen grid were fixed for 10 seconds with 
0.1 per cent phospho-12-tungstic acid at pH 3, washed, dried, and shadow- 
east with chromium. The average width of these filaments, measured 
from micrographs of stained specimens, is about 120 A, while the lengths 
vary greatly, indicating random breaking during the extraction process. 
Thus, in both general appearance and dimensions as well as in solubility 
properties, myosin is quite distinct from myosin (w-s). 

Actomyosin—If a solution of actin in 0.6 m KCl (F actin) is mixed 
with myosin (w-s) in 0.6 mM KCl, there is an immediate rise in viscosity, 
indicating some kind of interaction of the two proteins. Electron micro- 
graphs of this material show long slender filaments very similar in general 
appearance to those of myosin. Since they are significantly wider than the 
average actin filaments, it appears reasonable to conclude that they consist 
of actin filaments to which particulate myosin adheres. This is con- 
sistent with the ideas proposed by Szent-Gy6érgyi concerning the structure 
of the actomyosin complex. These experiments, however, are in a pre- 
liminary stage and further investigation is necessary before definite con- 
clusions can be drawn. . 

DISCUSSION 

The extraction of the protein actin from muscle and from myosin as 
described by Straub has been confirmed, as has the characteristic revers- 
ible filament formation exhibited by this protein. Although the con- 
clusions on the G-F transformation reached by Straub and Szent-Gyérgyi 
were based on indirect evidence, they are in general in good agreement 
with those derived from direct observation with the electron microscope. 
The G actin in alkaline solution is apparently a corpuscular form, the 
dimensions of which have not yet been definitely determined from electron 
micrographs. Conversion to the F form appears to consist of linear ag- 
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gregation of the corpuscular particles into long filaments of the order of 
100 A in diameter. Since the dimensions of the elementary particle ap 
not yet known, the number of particles in a cross-section of the filament 
cannot be calculated. Furthermore, caution must be exercised in drawing 
conclusions from quantitative measurements made from micrographs 
because of the alterations in dimensions that may occur during the drying 
of the specimen. 

It is interesting to note that reversible filament formation has also 
been observed with the protein insulin (Waugh (20)). Under controlled 
conditions, corpuscular insulin can be made to aggregate into filaments 
of indefinite length. Electron micrographs made in this laboratory show 
filaments resembling those of actin in general appearance and dimensions 
Since the width of insulin filaments is of the order of 140 A, there must be 
several elementary particles across a diameter. These reversible corpus- 
cular fibrous conversions present interesting systems for study, for they 
may typify similar processes occurring in vivo. 

The muscle globulin which can be extracted in alkaline salt solution 
and which has been called myosin, has been shown to have as one com- 
ponent the protein actin, inasmuch as actin can be extracted from it 
Although it has not been similarly demonstrated that myosin (w-s) is 
also a component of myosin, the conviction of Szent-Gyérgyi that myosin 
is a complex of actin and myosin (w-s) seems plausible in the light of present 
evidence. When particulate myosin (w-s) is added to F actin under suit- 
able conditions, the resulting filaments are Wider than those of actin and 
appear to consist of actin coated with myosin (w-s). However, the iden- 
tity of this complex with myosin cannot be assumed. The role of the 
lipide in myosin, for example, has not been investigated but should not 
be overlooked. Since extraction with acetone is a necessary step in the 
separation of actin, a protein-lipide bond may possibly be involved in the 
integration of the complex. Other components may likewise be of im- 
portance. 

The incorporation of data on the structure and in vi(ro properties of 
these new proteins into our existing knowledge of muscle should be of 
value in the further development of theories of muscle contraction. Cer- 
tain facts concerning the structure of muscle appear to be established. 
Intact, fixed myofibrils consist chiefly of longitudinally oriented filaments 
of indefinite length which extend essentially straight through both the 
isotropic and anisotropic bands. On the basis of their general appearance 
and dimensions, these filaments have been identified with the myosin 
filaments extracted from muscle in alkaline salt solution (8). In this 
study, it was noted that myosin filaments appear rough, and are char- 
acterized by nodose structures which in the myofibril may be aligned 
laterally at intervals of about 400 A. The general appearance of myo- 
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fibrils suggests a framework of parallel filaments to which other substances 
are attached. This interpretation is consistent with the suggestion of 
Szent-Gyorgyi that in intact muscle there are actin filaments with which 
mvosin (w-s) is closely associated. However, Szent-Gyérgyi’s assumptions 
concerning the nature of the gross cross-striations in skeletal muscle and 
the conclusion that these are an “optical illusion” must be disregarded 
on the basis of optical and electron microscope evidence (see Fig. 9). 

In the previous investigation it was also shown that in strong contraction 
the sarcomere may shorten to about half of its resting length. The myosin 
filaments, however, showed no obvious kinking or folding. It is not 
clear, at present, what structural alterations are involved in this shortening, 
or whether the contraction is in any way associated with the in vitro be- 
havior of actin and myosin (w-s). Although the G-F transformation of 
actin occurs under conditions mild enough to be tolerated by biological 
systems, it does not necessarily follow that these phenomena are reproduced 
in living muscle. It is apparent, from electron micrographs, that the 
fibrous configuration of the myosin is maintained in all stages of extension 
and contraction. Thus, if corpuscular-fibrous transformations occur, 
they do not result in a disintegration of the filamentous protein complex 
at the level of electron microscope resolution. 

Although the present studies have been confined largely to the structural 
aspects of the muscle proteins described, it is evident that the electron 
microscope can also be used to follow the behavior of these filamentous 
proteins in chemical and enzymatic reactions. 


SUMMARY 


1. Electron micrographs have been made of the proteins actin and 
myosin, extracted from rabbit skeletal muscle and studied under varying 
conditions. 

2. Electron micrographs of actin at different pH values show stages 
in the filament formation characteristic of this protein. The process 
was found to be reversible from a pH as low as 4. Filament widths lay 
between 80 and 140 A, while lengths varied widely, decreasing with the 
pH of the solution. 

3. Water-soluble myosin “crystals” have been disaggregated into a 
suspension of rodlets of relatively constant dimensions. Widths range 
between 200 and 400 A and lengths between 0.5 and 1.0 u. 

4. The interaction between actin and water-soluble myosin has been 
observed. Electron micrographs of the complex show filaments which are 
wider than those of actin and which bear a resemblance to filaments of 
myosin extracted in alkaline salt solution. 

5. The relation of these observations to present knowledge of the fine 
structure of striated muscle is discussed. 
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ON THE GRAFF MODIFICATION OF THE VICKERY-WHITE 
PROCEDURE FOR THE ESTIMATION OF CYSTINE 
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From the Harrison Department of Surgical Research, Schools of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, November 29, 1946 


Since Hopkins (1) first separated glutathione from other biological sub- 
stances as the cuprous mercaptide, many investigators have applied the 
reaction between the thiol group and cuprous oxide to the estimation of 
cystine in protein hydrolysates (2-6). Some have determined the amount 
of cysteine precipitated by the copper reagent by specific colorimetric reac- 
tions (4,7), while Vickery and White (2) found that the sulfur content of the 
precipitate was an accurate measure of the cysteine present. 

In 1937 Graff, Maculla, and Graff (3) introduced a micro modification of 
the Vickery-White (2) procedure. They stated that with their method 
(reducing with zinc, precipitation at pH 4 in the presence of acetate, and 
washing with dilute citrate acetate buffer at pH 3.6) a copper-cysteine pre- 
cipitate of such high purity was obtained that a micro-Kjeldahl nitrogen 
determination could be substituted for the sulfur analysis recommended 
by Vickery and White (2). Because the micro nitrogen determination is 
rapid and accurate, the procedure suggested by Graff and his coworkers 
seemed promising. 

Graff and his associates (3) found no non-cysteine nitrogen precipitated 
by cuprous oxide in the reduced hydrolysates of the various proteins which 
they studied. Recently it has been reported that when hydrolysates of 
nucleoproteins (8) and keratin and gelatin (5)' were used more nitrogen 
was found in the material precipitated with the cuprous mercaptide than 
could be accounted for from the sulfur present or from cysteine originally 
added to the solution. 

In studies being conducted in this laboratory it was decided to use the 
cuprous oxide procedure to determine the cystine content of proteins con- 
taming nucleic acid. The free purines, xanthine and guanine, are rela- 
tively resistant to acid of the concentration used in the hydrolysis of 
proteins. The cuprous oxide reagent is also used as a precipitant for 
purines (3). Necessary data were lacking for an accurate interpretation 
of results based on the nitrogen determination of the copper-cysteine com- 
plex as a measure of the cysteine. Because of this the following experi- 
ments were carried out. 


'The conditions of precipitation were not exactly those of Graff. 
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Methods and Results 


Standard solutions of cystine, xanthine, guanine, and protein we 
pre pared and test solutions of the proportions shown in Tablk Iw ere macs 
These solutions were analyzed for purine nitrogen (8), cystine N (3), ang 
cystine 5 (3), as indicated in Table I, according to the procedures deseribed 
by the authors of the methods. At least two analyses were run on eae 


solution. 


TABLE | 
Analy of Cuprous O P pita 0 l S } Solutior 
Comy t lut Anal . 
Ss n No 

Cystine Xanthine Gelat ( Me A | Me 1B | Method c 

’ \ ” N ’ ” V r ' N on 
la 0.98 0.95 
lb 0.66 0.67 
le 0.66 0.98 (0). 94 
2a 0.70 1.31 10) 2.01 
2b 0.10 0.98 1() » 09 
a 1.00 6 0.79 1.64 
sb 1.00 0.67 36 0.40 1.90 
3 1.00 0.67 36 0.40 1.03 
3d 1.00 0.82 36 0.64 
Je 1.00 0.82 36 1.70 
3f 1.00 1.00 36 1.67 
ta 0.70 1.00 10) 1.5] 
th 0.70 1.00 10) 0.93 
4 0.70 1.00 10) 0.68 
5a 0.70 1.00 1() 1.20 | 
5b 0.70 1.00 10) 0.57 
5e 0.70 1.00 10 0.67 


* Precipitations were carried out according to directions described in the methods 
I . | 


indicated. Method A refers to the purine N procedure (8); Method B to the cystine | 
determination by the micro-Kjeldahl N procedure; Method C to the cystine S analy 


> 


sis of Graff et al. (3 
The results on Solution 1 demonstrated that the methods yielded satis 
factory recoveries from pure solutions and that the determination of purine | 
is not influenced by the presence of cystine. The analysis of Solution? | 
however, showed that when cystine was reduced and precipitated in th 
presence of purines the nitrogen of the precipitate is equal to the purine} 
plus the cystine N of the original solution. The analysis of Solutions 3 
and 3b indicated that there was little destruction of the purine, even afte | 
12 hours hydrolysis with 21 per cent hydrochloric acid in the presence 
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gelatin, for subsequent experiments have shown that the purine of hepatic 
protein is not completely destroyed even after 30 hours. 

In order to demonstrate more clearly that non-cysteine N is found in the 
cuprous oxide precipitate obtained from a nucleoprotein hydrolysate and 
that this non-cysteine N is purine N, the following experiments were carried 
out. 

In the Graff (3) modification of the Vickery-White (2) procedure there is 
prepared a copper-cysteine fraction. If this were treated with trichloro- 
acetic acid, alkali, and heat, and reprecipitated (7), it should contain only 
non-cysteine N. 


TABLE II 
Analysis of Cuprous Oxide Precipitates of Hepatic Protein Hydrolysates* 





Found Calculated Found 
Series No. . “ ‘ ‘ ere apnea 
Total N Cystine S Cystine N Non-cystine N Purine N 
me meg. mg. meg. mg. 
1 8.80 15.42 6.75 2.05 | 2.02 
2 7.04 11.00 4.81 2.23 2.26 
3 6.40 11.00 $. SO 1.60 1.38 
4 8.51 15.70 6.84 1.67 1.65 


In each series 2.5 gm. of hepatic protein (all figures represent an average of two 
or more analyses) were digested 18 hours with 21 per cent hydrochloric acid. Ali- 
quots were taken to contain 100 to 200 mg. of protein for analysis. The hepatic 
protein used was not from the same source in each case. 

* Non-cysteine N was calculated by subtracting the values under cystine N from 
those beneath total N. Cystine N is the nitrogen equivalent to the sulfur found in 
the cystine S column on the basis of the ratio of N:Sin cystine. Total N represents 
the nitrogen found in the cuprous oxide precipitate obtained by the method of 
Graff ef al. (3) for cystine. Purine N is that obtained as described in the text 


On the basis of this reasoning, Solutions 3d and 3e (Table I) were precipi- 
tated with cuprous oxide as in the cystine determination (3). The copper 
precipitate of Solution 3e was analyzed directly for nitrogen. That of 
Solution 3d was treated with trichloroacetic acid, alkali, and heat, repre- 
cipitated, and analyzed for nitrogen. It can be seen that 1.06 mg. of nitro- 
gen (1.70 — 0.64) were lost by this treatment. This is approximately equal 
to the 1.0 mg. of cystine N originally added. 

To carry out a similar experiment on material from a natural source, one 
would have to determine the S content of the copper-cysteine fraction in 
order to know how much cysteine was present before treatment with 
trichloroacetic acid, alkali, and heat. Solutions 4a, 4b, and 4c were pre- 
cipitated with the copper reagent. The nitrogen content of the precipitate 
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of Solution 4a was determined. The precipitate of Solution 4b was treated 
as in the purine method (7), and that of Solution 4c¢ was analyzed fo, 
sulfur. 

When the sulfur of Solution 4c was converted to cysteine N (on the basis 
of the ratio of N:S in cystine), it is observed (Table I) that the nitrogen is 
equal to the difference between the nitrogen content of Solution 4b total 
nitrogen) and Solution 4a, the non-cysteine N. 

In Table II there are described the results of a similar experiment carried 
out on hepatic nucleoprotein. In each series 2.5 gm. of protein (from differ. 
ent sources) were hydrolyzed and three aliquots take nh. Kach Was precipi- 
tated according to Graff’s method for cystine. One of these was analyzed 
for nitrogen (total nitrogen), the second for sulfur (evstine S), and thy 
third was treated as in the determination for purine (8). The non-cystein 
N is calculated by subtracting the nitrogen equivalent to the sulfur (as 
found in cystine) from the total nitrogen. 

It can readily be seen in Table II that the non-cysteine N is approxi- 


mately equal to that of the purine N. 
DISCUSSION 


Investigators using cuprous oxide in the fractionation of protein hydroly- 
sates for the purpose of isolating amino acids have found methionine to be 
a contaminant of the copper-cysteine fraction under certain conditions (9 
They have cautioned others that the sulfur content of such copper mer- 
captide fractions should not be applied universally as a means of determin- 
ing cystine. Bailey et al. (10), however, have shown that conditions of th 
Graff procedure (3) tor cystine vield purer copper-cysteine isolation prod- 
ucts than those obtained under conditions described by Lucas and Bey- 
eridge (5,9). We believe that sufficient analytical proof is presented hen 
and elsewhere (2) to substantiate the work of Graff, Maculla, and Graff (3 
which shows that the sulfur in the copper-cysteine mercaptides prepared 
as directed by them represents the cystine 8 of the protein hydrolysate. 

The values for cystine N of hepatic protein (based on the sulfur of th 
cuprous mercaptides) reported (11) represent from 1 to 2 per cent cystin 
Other investigators (12-14) have found similar amounts of cystine I 
proteins from the liver. Graff and Barth (15), however, using figures for 
cystine N (based on the micro-Kjeldahl nitrogen determination of cuprous 
mercaptides) found as much as 4.65 per cent cystine in the liver (calculated 
from (cystine N)/(total N) = 0.034). This is much higher than values 
reported by anyone previously. In addition, they found that the amount 
of cystine N present followed closely that of purine N. It would be inter- 
esting to see whether the same would be true had cystine S been deter- 


mined instead of cystine N. 
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treated SUMMARY 
Zed for On the basis of these results it is reeommended that, until conditions are 
found under which purines are destroyed in the presence of cystine, the | 
1 basis sulfur content only of the substances precipitated by cuprous oxide from 
ogenis | yeduced protein hydrolysates be taken as a measure of the cystine present 
(total therein. 
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THE DETERMINATION OF GUANIDOACETIC ACID AND 
ARGININE IN HUMAN URINE AND SERUM 


By HENRY D. HOBERMAN* 
From the Department of Internal Medicine, Yale University School of 


Vedicine, New Haven 
Received for publication, December 3, 1946) 


The determination of guanidoacetic acid in biological material by means 
of the quantitative Sakaguchi reaction has so far depended upon the use of 
adsorbents to free the solutions of any arginine which may be present 
(1-4). A more direct method for the removal of arginine from biological 
fluids would seem to be by enzymatic hydrolysis with the enzyme, arginase. 
Its application to the determination of arginine in dog blood (5) and in 
protein hydrolysates (6) has already been described. 

In this laboratory it has been found that when liver arginase is added to a 
test solution containing /(+ )-arginine, and otherwise prepared to simulate 
human urine in so far as the concentrations of urea, creatinine, and guanido- 
acetic acid are concerned, the arginine is quantitatively hydrolyzed, per- 
mitting complete recovery of the added guanidoacetic acid. The presence 
of relatively large amounts of creatine does not affect either the hydrolysis 
of arginine or the recovery of guanidoacetic acid (Table I). 

When the same analytical procedure was applied to fresh human urine, 
and to 24 hour collections of urine, it was found that the intensity of the 
Sakaguchi reaction was the same, whether or not the urine had been pre- 
viously treated with arginase. This observation, found consistently in 
analyses of ten complete urine collections from seven normal male indi- 
viduals, is recorded in Table II. 

That as little as 15 mg. per liter of arginine can be detected by the 
colorimetric procedure used by us was made clear by the data derived from 
addition experiments. In Table III are represented the analytical data 
obtained when arginine, in measured amounts, was added to urine. While 
quantitative recovery of arginine is incomplete at low concentration, the 
analytical figures presented are sufficiently significant to indicate that 
normal male adult urine contains less than 15 mg. of /(+)-arginine per liter. 

Guanidoacetic acid may be recovered from urine to which arginine has 
been added, provided that the urine is first treated with arginase (Table IV). 

Argininuria has been described by Dubnoff (6) and Albanese and 
Frankston (7). The latter have reported that the excretion of arginine by 


* Alexander Brown Coxe Memoria! Fellow, Department of Internal Medicine, 
Yale University School of Medicine, 1946-47 
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seven normal adult males varied from 38 to 108 mg. per day and that the 
values obtained were representative of those obtained from the study ¢ 
thirty other normal adult males. They reported no instance in which arg. 
nine failed to appear in the urine. The discrepancy between the obserys 
tions described in this paper and those described by Albanese and Frankstey 


PaB.e | 
Re cove i of Guanidoacett Ac d from T st Solution C'ontainina idded Argin me 
Guanidoacetic acid added Guanidoacetic acid found 
meg. per cent ” per cent 
2.0 2.1 
5.0 5.3 
10.0 10.0 


The solution contained, in addition to guanidoacetic acid, urea 15 gm. per lit 
creatinine | gm. per liter, creatine 1 gm. per liter, /(+)-arginine monohydrochlori¢ 


0.5 gm. per liter 


Paste II 
Intens iy of Sakaqucl React on Giver hy Vo mal Vale | re t} and wilh 
irginase Treatment 
The results are expressed in mg. of guanidoacetic acid found in a 24 hour uri 


collection 


Subject With enzyme Without enzyme 
JR 69 69 
DM 9] 91 
JM SO 87 
VD 78 75 
LG 104 102 
AR 106 100 
HH 80 80 

“ 94 Q4 
7s 78 
67 67 


and by Dubnoff may possibly be explained by the fact that guanidoaceti 
acid as well as arginine is removed from solution by permutit. 

While neither beef nor calf arginase hydrolyzes d(— )-arginine, it seem 
highly improbable that the amounts of arginine alleged by Albanese ane 
Frankston to be found in normal urine could be attributed to the present 
of the d(—) isomer. Whether or not the Sakaguchi-positive compou 
found by Albanese and Frankston and by Dubnoff is methylguanidine std 


remains to be proved 
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Except for urine obtained from patients in negative nitrogen balance, or 
from those who are receiving intravenous amino acids, the use of any 
method to free urine of arginine seems superfluous. 

Analyses for arginine and guanidoacetic acid have been carried out on 
serum dialysates prepared by equilibration of aliquots of serum against 
measured amounts of distilled water. As pointed out by Hamilton and 


TABLE III 
Recovery of Arginine Added to Urine 
All values are expressed as mg. per cent of guanidoacetic acid. Within the limits 
of error of the experimental method, arginine and guanidoacetic acid, compared 
mole for mole, give identical color intensities with the Sakaguchi reaction in the 
Evelyn photometer with the 540 or 540M filter. Since guanidoacetic acid is used 
as the colorimetric standard, the concentration of arginine in an unknown is equiv- 
alent to the product of the ratio of the molecular weight of arginine to the molecular 
weight of guanidoacetic acid and the ‘“‘guanidoacetic acid’’ concentration found due 


to arginine. 


Guanidoacetic acid origi- Arginine added Total Arginine recovered 
nally present 


9.4 1.0 10.2 0.8 
8.4 1.0 9.1 0.7 
4.3 1.7 6.0 ..7 

3.4 7.5 39 


4.3 


TABLE IV 
tecovery of Guanidoacetic Acid Added to Urine Containing 50 Mg. Per Cent of 1(+)- 
Arginine Monohydrochloride 
All concentrations are in mg. per cent of guanidoacetic acid in the urine before 
dilution. The urine originally contained 3.8 mg. per cent of guanidoacetic acid. 


Guanidoacetic acid added Total found Guanidoacetic acid recovered 
1.3 5.0 1.2 
2.5 6.3 2.5 
5.0 8.7 4.9 


Archibald (8), whose procedure was followed in the preparation of the 
dialysates, the method is particularly applicable when it is desired to 
prepare protein-free solutions of dialyzable components with minimal 
dilution.! 

Arginine is determined by measuring the difference in intensity of the 
Sakaguchi reaction produced by dialysates of serum before and after 


' Suggested by Dr. Howard Eder of The Rockefeller Institute for Medical 
Research. 
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treatment with arginase. (Guanidoacetic acid is determined by measuring 
the intensity of the Sakaguchi reaction of the dialysate obtained from arg. 
nase-treated serum. Recovery experiments are summarized in Table y. 
Analyses of the sera of four normal fasting men gave the results shown ip 
Table VI. The concentration of arginine found is in good agreement with 
the results of Hier and Bergeim (9) who used a microbiological method of 


assay. 


TABLE V 
Recovery of Guanidoacetic Acid and 1(+)-Arginine Added to Serum 
Concentrations are in mg. per cent of guanidoacetic acid before dilution. Thy 
serum originally contained /(+)-arginine equivalent to 0.87 mg. per cent of guanido. 
acetic acid. The guanidoacetic acid concentration before additions was 0.23 mg 
percent. Additions of arginine and guanidoacetic acid were made simultaneously 


. , Total : : . ’ , 
Guanidoaceti Arginine added guanidoacetic Total arginine Guanidoacetic Arginine 
acid added acid found found acid recovered recovered 
0.25 2.2 0.52 3.1 0.27 2.2 
2.5 0.2 


22 2.8 1.1] 2.6 0.23 


TaBLe VI 
Concentrations of Guanidoacetic Acid and I(+)-Arginine in Sera of Four Normal, 


fasting male adults 


Concentrations are in mg. per cent. 


Subject i(+)-Arginine Guanidoacetic acid 
JM 2.0 0.28 

JR 2.4 0.28 

IT 2.2 0.24 

HH a3 0.24 


EXPERIMENTAL 


Reagents 

Arginase. The procedure of Richards and Hellerman (10) for the iso 
lation of liver arginase was followed in part. Beef or calf liver, obtained 
fresh at the slaughter-house, was stripped of connective tissue and fat, cut 
into small pieces, and, after the addition of an equal weight of finely 
chopped ice, was converted to a fine suspension in the Waring blendor 
After the ice-cold suspension had been pressed through cheese-cloth, the 
homogeneous filtrate obtained was treated with 0.4 volume of cold aceton 
The mixture was filtered by gravity in the ice box overnight. To th 
slightly turbid filtrate was added 0.23 volume of cold acetone and the pr 
cipitate was allowed to form for 1 or 2 hours. The supernatant was 
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moved by siphonage and by centrifugation in the cold. The precipitate, 
taken up in an equal volume of cold tap water, was dialyzed overnight 
against cold running tap water. The dialyzed solution was then made to 
500 ml. per pound of liver used and the diluted solution was quickly heated 
to 56-58° for 3 minutes and promptly chilled. The turbid solution was 
clarified by centrifugation in the cold. The clear supernatant was used 
directly for analyses or, in a single case, was further diluted. It was found 
that one preparation of arginase prepared as described required further 
dilution in order to permit use. Contamination of the arginase, perhaps by 
amino acid-splitting enzymes, produced sufficient ammonia in urine to 
prohibit the development of color by means of the Sakaguchi reaction. 
This is consistent with the experience of Hunter and Dauphinee (5) who 
described preparations of arginase which also appeared to produce ammonia 
from organic substrate. By diluting the stock preparation sufficiently, the 
concentration of contaminating enzymes appeared to fall to a sufficiently 
low level to reduce ammonia production to amounts tolerated by the 
colorimetric procedure. The concentration of arginase in the diluted solu- 
tion was still high enough to hydrolyze completely the arginine contained in 
a 2.5 ml. aliquot of urine made 0.5 gm. per liter with regard to 1(+)-arginine 
monohydrochloride. 

Stock solutions of arginase, when stored in the ice box, have remained 
useful for as long as 6 weeks after preparation. To insure stability, how- 
ever, dehydration by means of the lyophile technique would probably be 
advantageous. 

For the purposes of this method, it has been found unnecessary to activate 
arginase preparations either with cobalt or manganese. No attempt has 
been made to work in the optimal pH range of arginase activity. 

0.25 mM phosphate buffer. Prepared according to Van Slyke and 
Cullen (11). 

Water-saturated chloroform. U.S. P. grade chloroform was saturated with 
water at room temperature by shaking together in the separatory funnel. 
The chloroform was stored under water. 

Caprylic alcohol. 

16 per cent urea in water. 

0.2 per cent a-naphthol in 95 per cent ethanol. 

Sodium hypobromite solution. 

These reagents were prepared according to the procedure of Dubnoff and 
Borsook (3) as modified by Sims (4). 


Procedure 


Recovery of Guanidoacetic Acid from Urine Containing Added Arginine— 
To fresh, pooled urine obtained from normal adult males was added the 
amount of /(-+-)-arginine monohydrochloride required to make the concen- 
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tration 0.5 gm. per liter. From this solution were prepared the sample 
used in the recovery experiment. These contained 0, 25, 50, and 100 mg 
per liter of added guanidoacetic acid. 

To 2.5 ml. of the urine specimens, prepared as described, in 25 ml. yo) 
metric flasks, were added 2.5 ml. of buffer, 1 drop of caprylie alcohol, and 
ml. of arginase solution. The flasks were incubated at 37° for 1 hoy 
cooled to room temperature, and made to volume. 8 ml. aliquots we 
transferred to 15 ml. conical centrifuge tubes, | ml. of water-saturate 
chloroform was added, and the tubes stoppered, wrapped in towels, a 
shaken vigorously for 10 minutes in an International bottle shaker. Thy 
turbid solutions were clarified by centrifugation for 5 minutes. 4 yl 
aliquots were taken from the chloroform-protein gel by means of a pipett 

Color development was carried out by the technique of Dubnoff 
Borsook as modified by Sims (4). The Evelyn photometer was used wit 
the 6 ml. aperture and 540M filter. 

Analysis of Ne rum for Arginine and Cruanidoacetic Acid Venous blow 
obtained under oil, was allowed to clot for 20 to 30 minutes, and centrifug 
at low speed for 20 to 30 minutes. 2 ml. of serum were dialyzed againg 
5 ml. of distilled water for 3 hours at room temperature in the apparatw 


described by Hamilton and Archibald (8). A 4 ml. sample of serum, ti/ 


which 0.1 ml. of arginase solution was added, was also dialyzed against 5m 
of distilled water for 3 hours. At the end of dialysis 4 ml. aliquots wer! 


pipetted from the outer chamber of the dialyzing apparatus and analyz 
directly. The hydrolysis of the serum arginine was found to be complet 
at the end of the dialyzing period. 

It was found necessary to include an arginase blank for one preparation 
the enzyme. For this purpose 0.1 ml. of arginase solution and 4 ml. 
distilled water in the central compartment of the dialyzing apparatus wer 
dialyzed against 5 ml. of distilled water. In this instance the blank we 
equivalent to 0.018 mg. per cent of guanidoacetic acid in the aliquot | 
tained from the outer chamber. 

The analysis of whole blood for guanidoacetic acid gave values equalt 
those obtained by analysis of serum. The blood was laked during t 
dialysis against distilled water. The concentration of arginine fow 
however, indicates that more than 90 per cent of the arginine present in th 
serum must have been hydrolyzed by arginase of the red blood cel 
This is in agreement with the observation of Van Slyke and Archibald (12 
who have recently demonstrated the presence of arginase in the humi 


red cell. 


The author is indebted to Dr. EF. A. H. Sims for aid in the construct 


of the dialysis apparatus. 
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SUMMARY 


1. A method is described for the analysis of l(+ )-arginine and guanido- 
acetic acid in urine and in serum by means of arginase. 

2. From the results of analyses of ten complete urine collections obtained 
from seven normal adult men, it is concluded that normal male urine con- 
tains less than 15 mg. of /(+ )-arginine per liter. 

3. Whether or not other Sakaguchi-positive compounds are present in 
normal urine is still open to question. 

4. The concentration of /(+)-arginine in the serum of five normal males 
in the postabsorptive period was found to be 2.0 to 2.4 mg. per cent. 

5. The concentration of guanidoacetic acid in the serum of the above 
subjects was found to be 0.24 to 0.28 mg. per cent. 
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THE METABOLISM OF NICOTINIC ACID AND ITS ROLE 
IN THE NUTRITION OF THE CALF*t 
By B. CONNOR JOHNSON, A. C. WIESE,{ H. H. MITCHELL, anp 
W. B. NEVENS 
(From the Division of Animal Nutrition and the Department of Dairy 
Husbandry, University of Illinois, Urbana) 


(Received for publication, October 31, 1946) 


It is commonly assumed that the adult ruminant is independent of a 
dietary source of the B vitamins because of the réle of the microorganisms 
of the rumen in their synthesis. In the new-born ruminant, however, be- 
fore the growth of the rumen and the consequent establishment of a micro- 
flora, such a symbiosis cannot occur and the animal must, therefore, be 
dependent on an external source for those vitamins which cannot be 
synthesized by its body tissues. 

The present experiments were designed to study whether the young calf 
requires nicotinic acid when fed “synthetic” rations lacking this nutrient. 
Little work has been reported on the nicotinic acid requirement of the calf. 
However, Lundquist and Phillips (1) have stated that scouring in young 
calves fed skim milk diets can be prevented by vitamin A and nicotinic 
acid administration, and have concluded, therefore, that nicotinic acid is 
essential for the calf. In view of the fact that the nicotinic acid content of 
defatted milk solids is approximately 10 y per gm., a more rigorous test of 
the need of the calf for nicotinic acid was thought desirable. 


EXPERIMENTAL 


Two calves, No. 11, a Jersey, and No. 12, a Red Poll-Brown Swiss cross, 
were used as experimental animals. Before being put on experiment these 
calves had received colostrum for 48 hours. The nicotinic acid-free ration 
fed to these calves is shown in Table I.! The calves were individually 


* This investigation was supported by funds donated by Swift and Company, 
Chicago, Illinois, and carried out with the advice of a committee appointed by the 
Director of the Agricultural Experiment Station, consisting of the following mem- 
bers: H. E. Carter, T. S. Hamilton, B. C. Johnson, W. B. Nevens, H. E. Robinson, 
H.S. Spector, A. C. Wiese, and H. H. Mitchell, Chairman. In addition to the mem- 
bers of the advisory committee we are also indebted to the following: Dr. K. E. 
Gardiner, Mr. Nelson Mosser, Dr. P. H. Tracy, and Mr. V. L. Swearingen of the 
Department of Dairy Husbandry; and Dr. H. Hardenbrook and Dr. L. E. Boley of the 
College of Veterinary Medicine. 

t With the technical assistance of Shirley Spaeth and Martha Freeman. 

} Present address, Department of Agricultural Chemistry, University of Idaho, 
Moscow. 


’ For the method of preparing rations and care of animals see Wiese et al. (2) 
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housed in 5 X 6 foot pens with screened floors Kach week the animals 
were weighed and 24 or 48 hour urine samples were collected 

The growth curves of the individual calves are shown in Fig. 1 in Which 
the Ragsdale (3) standard growth curves are included for comparison 
The small break in the curve for both calves was due to a respiratory infe 
tion which responded to penicillin and sulfapyridine therapy Except fo 
this break, the rate of growth of the animals was essentially the same a 


TABLE | 


Composition of ‘*‘Synthetic Milk’”’ Ration 6 


per cent 
Cerelose 39.4 Made into emulsion with water t 
Lard 26.3 contain 13% total solids; fat 
Casein (Labco vitamin-free 30 content 4% on liquid basis* 
Salts 2* 4 
Wheat germ oil 0.3 


Vitaminst added per 1000 gm. liquid ration 


me. mg. 
Thiamine hydrochloride 0.65 Inositol 26 
Riboflavin 0.65 Choline 260 
Pyridoxine hydrochloride 0.65 p-Aminobenzoic acid 2.6 
Calcium pantothenate 1.30 Pteroylglutamic acid 0.052 
2-Methy]-1,4-naphthoquinone 0.26 Biotin 0.01 


5000 1.u. of vitamin A and 500 1.v. of vitamin D were given per calf per day. 

* For the method of preparing the liquid ration and salt mixture see Wiese et al. (2 

t Thiamine hydrochloride, riboflavin, pyridoxine hydrochloride, calcium pant 
thenate, biotin, nicotinic acid, ascorbic acid, and tocopherol acetate were generous|} 
supplied by Hoffmann-La Roche, Inc., Nutley, New Jersey, through the courtesy 
of Dr. J. C. Bauernfeind. Pteroylglutamic acid was supplied by the Lederle Lab 
oratories, Inc., Pearl River, New York, through the courtesy of Dr. E. L. R. Stok 
stad. Wheat germ oil was supplied by the VioBin Corporation, Monticello, Illinois 
Choline and experimental choline dry mix were supplied by Merck and Company 
Inc., Rahway, New Jersey. Inositol was supplied by the Corn Products Refining 
Company, New York. Vitamin A and D capsules were supplied by the Gelatin 
Products Corporation, Detroit, Michigan 


that given by Ragsdale (3) for Holsteins and better than that given for 
Jerseys. 

The excellent growth rates of these animals seemed to indicate that th 
calf does not require nicotinic acid; however, the possibility still remained 
that these calves might be obtaining it from rumen or intestinal synthesis 
An attempt was made to eliminate this possibility by adding 1 per cent 
sulfathalidine to the diet during the 9th to 12th weeks. Although the 
addition of sulfathalidine decreased the bacterial count in the feces about 
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80 per cent, it had no effect on the growth rate or food consumption of the 
animals or on the urinary excretion of nicotinic acid. The animals on the 
nicotinic acid-free diet were normal in appearance and showed no deficiency 
symptoms. 

To study the metabolism of nicotinic acid, 24 or 48 hour urinary collec- 
tions were made, not only from the experimental calves, but also from three 
other calves (Nos. 7, 8, and 9) receiving “‘synthetic”’ rations supplemented 
with different amounts of nicotinic acid or nicotinamide. The urine was 
analyzed for total nicotinic acid (7.e. nicotinic acid, nicotinamide, and 
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e) 2 4 6 8 10 12 
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Fic. 1. The growth curves of calves on the nicotinic acid-free ‘‘synthetic milk’’ 
tation 6 as compared to Ragsdale normals. Curves 11 and 12 are for the experi- 
mental animals, Calf 11,a Jersey, and Calf 12,a Red Poll-Brown Swiss cross. Curves 
H (Holsteins) and J (Jerseys) are the Ragsdale normals 


nicotinuric acid) by the Lactobacillus arabinosus procedure of Krehl, Strong, 
and Elvehjem (4), and for nicotinic acid, nicotinamide, and nicotinuric acid 
individually by the Leuconostoc mesenteroides-Lactobacillus arabinosus 
differential method of Johnson (5), and for N'-methylnicotinamide by the 
method of Huff, Perlzweig, and Tilden (6). Table II gives the urinary 
excretion values for Calves 7. 8, and 9. which received nicotinic acid in 
addition to the “synthetic” ration. 

Similar data for Calves 11 and 12 which received no nicotinic acid are 
given in Table III, from which it can be seen that nicotinic acid and its 
metabolites continued to be excreted for the whole 12 week period on the 











732 METABOLISM OF NICOTINIC ACID 


nicotinic acid-free diet. The amounts of “total nicotinic acid’” excreted 
which are made up primarily of nicotinamide, are high in the Ist day’s 


TABLE II 





























Urinary Excretion of Nicotinic Acid and Its Metabolites by Calves on Different Intakes 
Nicotinic Nicotin acid 
Nico- Nico Nico acid t aa Per cent 
Calf No Age tinic tinam tinuric a — methy! Total of in- 
acid® ide* acid® eart py nicotin- ao take ex. 
n t ric amide excre intake | creted 
i tion} j 
me per me. per me. per me. per me per ™£& per me. per i 
days day day day day lay iay lay I 
7 15 18.8 | 18.8 | 13.0 50.6 3.3 | 53.9 | 63 | 
7 16 | 18.8; 7.6] O 25.4 2.3 | 27.7 | 63.5 
8 / 15 | 1.51] 16.8 | 30.2 18.4 3.0 | 51.4 | 62 
| - 
S 16 1.1 | 22.9 | 15.6 39.5 3.0 | 42.5 | 62 
9 | 11 | 0.6] 16.3/ 17.1] 33.9 2.1 | 36.0 | 59 
9 12 | 0.6 | 20.7 | 17.4 38.7 2.5 | 41.2 | 60 
— a pe - : 8 7 
Average.... | 6.9 | 17.2] 15.5 39.4 2.7 | 42.1 | 61.6 | 68.3 
% distribution | 16.4 | 40.7 | 36.9 93.6 6.4 |100 
| | 
- + & | | - Foe 
7 96 3.1 ; 1.0] +. 1 | 2.1 0.9 | 22 
7 113 2.4 | 1.0 | 3.3 1.9] 5.2; 24 | 
8 71 4.5 7.3 | a7 2.0 | 13.7 | 26 
9 65 0.9| 5.5 6.4 | 1.3] 7¢.7 | 20.5 
9 66 | 0.7/ 6.2) 6.8 1.7] 8.5) 22 | 
9 94 2.3) 4.1 6.5 14/ 7.9} 24 | 
j | 
OT! a oe a 5 ae 
Average.... 2.3| 4.2 6.5 | 1.7 8.2 | 23.1 | 35.5 
% distribution 27.9 | 50.8 | 78.9 | 21.1 |100 | 
——s * — | | _ a ai 
9 M2 | 7.6) 7.3] 39.3] 54.2 1.0 | 55.2 500 | 11 
sia : = " ‘ : 
% distribution. 13.8 | 13.2 | 71.2 98.2 1.8 |100 
a ie 3 | Nicotinamide } 
| 
7 120 $3.21 3.6] 21.71 33.8 | 3.21 6.7 500 
9 106 3.1] 7.5] 46.3] 59.9 1.9 | 61.8 | 500 
—_ | = — — ———— 
Average..... 5.6 | 5.6 | 34.0 16.7 2.6 | 49.3 | 500 9.9 
% distribution. . .| 11.4] 11.3 71.9] 94.8 5.2 |100 





* Determined by Leuconostoc mesenteroides. 
t Determined by Lactobacillus arabinosus. 
t Sum of Lactobacillus arabinosus assay values and N'!-methylnicotinamide. 


collection after 2 days on colostrum, but drop rapidly thereafter to 4 
relatively constant excretion for the 12 weeks on the nicotinic acid-free diet. 


* The “total nicotinic acid” referred to in this discussion includes nicotinic acid, 
nicotinamide, and nicotinuric acid as determined by Lactobocil/us arabinosus. 
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In contrast to this, it has been shown that dogs restricted to a nicotinic acid- 
deficient diet virtually cease to excrete nicotinic acid in the urine after 


98 days (7). 


















































TaBLe III 
Excretion of Nicotinic Acid and Its Metabolites by Calves on Nicotinic Acid-Free 
Ratton 
Urine excretion a 
| | 
Date Calf No. | Age rf "aa | Ni. Totalt “oa 
‘Sinie |Nicotin-| nicotin- |Methyl-) 27." nicotin- 
| + | amide*| amide, | nicotin , amide, 
| acid nicotinu- | amide | “°® nicotinu- 
| | ric acid ric acid 
— — ee a iia 
1946 ws. oe |S" | er ime, fe m4, er » per es. 
Apr. 26 11. Born | 0} 0.3 | 4.3 | 4.6 2.8 | 7.4 9.7 
May 3-4 Apr. 24 ] | ( ).4 | 3.9 | 4 1.7 | 6.0 
9-10 2] 0.4 | 12] 1.6 2.0 | 3.6 7.0 
“ 17-18 3 | 0.3 | 1.3 | 1.6 | 2.5] 4.1] 11.8 
. 3B 4] 0.3 1.5 1.8 2.0 | 3.7 
June 1 5 | 0.3 1.8 | 2.1 2.2 | 4.3 10.7 
ee | | 6} 5.9 
* 2 | 7] 2.7 8 | 4.4 
“ 22 | 8| 0.2 | 2.4 | 2.5 | 2.3] 4.8 
“ 29. 1% sulfathalidine added to diet 
July 3 9 | | | 2.8 9 | 7.7 
- § 10 | | 2.2 2.6 | 4.9 6.1 
“ 42 11 | 6.0 
* 2 | 3.7 | 2.7 | 6.4 8.8 
Apr. 26 12. Born 0| 0.2 | 2.3] 2.4 2.3 | 4.7 | 19.4 
May 3-4 Apr. 24 1} 0.2 | 1.3 1.5 1.8 | 3.3 | 10.5 
“ 9-10 | 2] 0.3 | 14] 1.6 | 1.8] 3.5 9.6 
“ 17-18 | 3| 0.2] 1.2 1.4 1.6 | 3.0 16.9 
“ 94 } 4/02] 1.1] 1.3 | 1.3] 2.5 
June 1 5 | 3.0 2.8 | 5.8 10.4 
“ 7 6 9.8 
= 7 | 0.1 | 1.2] 1.4 | 1.8] 3.2 
a ' 8] 0.1 2.0 2.1 2.6 4.6 
“ 29. 1% sulfathalidine added to diet 
July 3 19) | 23 | 21/43] 6.5 
’. o | 10 | | 2.7 | 2.7 | 5.4 7.7 
“« 12 | 11 7.8 
“ 49 | | 12 | | 41 [13] 54] 7.6 





* Determined by Leuconostoc mesenteroides. 
t Determined by Lactobacillus arabinosus. 


tSum of Lactobacillus arabinosus assay values and N'-methylnicotinamide. 


The N!-methylnicotinamide excretion values 


are of the same order of 


magnitude on the nicotinic acid-free diet as the total nicotinic acid excretion 
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values. They do not, however, show any high value immediately afte, 
colostrum feeding. From the data in Table II, it is apparent that the ex. 
cretion of the compe yund which we are measuring as N methylnicotinami¢ 
is unaffected by the amount of nicotinic acid or nicotinamide in the diet 
The calf apparently does not methylate ingested nicotinic acid or nicotip. 
amide, but excretes it as nicotinic acid, nicotinamide, and nicotinurie acid 
The constancy of N'-methylnicotinamide excretion, irrespective of diet 
has been reported for the horse by Huff et al. (8) and for the rabbit and 
guinea pig by Handler (9). 

From Table II it appears that the percentage of ingested nicotinic acid 
which can be recovered in the urine is a function of the age of the animal 
rather than of the amount ingested. 

The levels of nicotinic acid in the blood of these two calves, determined 
at intervals throughout the experiment by the Lactobacillus arabinosy 
assay procedure, are given in Table II. While considerable fluctuation car 


be seen, the levels remain in the normal range. 


DISCUSSION 


Pearson, Schmidt, and Mackey (10) and Winegar, Pearson, and Schmidt 
(11) have reported that sheep can synthesize nicotinic acid either in th 
tissues or in the rumen; however, they did not determine where this syn- 
thesis actually occurs. 

In these experiments with dairy calves we believe that we have been 
successful in eliminating the rumen or intestine as sites of nicotinic acid 
synthesis. We used | to 2 day-old calves, at which age the rumen has not 
begun to function. A roughage-free diet was fed to repress the functioning 
of the rumen in so far as bacterial synthesis is concerned. Examination of 
the rumen and stomachs of these animals at the time of slaughter confirmed 
our belief that no bacterial synthesis of nicotinic acid was taking plac 
unless possibly in the hair-balls found in the rumen. In no case was an) 
food found in the rumen, reticulum, omasum, or abomasum, as would b 
found in the ruminating animal receiving hay or other roughage. Ons 
net weight basis, at 12 weeks the rumen was approximately the same siz 
as the abomasum. 

Further evidence that bacterial synthesis was not occurring in the rumen 
was furnished by the fact that the addition of 1 per cent sulfathalidine t 
the diet had no effect on the growth of the animals or upon the nicotini 
acid excretion over a 2} week period. Moreover, the excretion of nicotinit 
acid remained normal throughout the experiment while the calves were 
receiving the nicotinic acid-free ration, but if tissue synthesis of nicotinit 
acid did not occur, we would expect the urinary excretion to fall to near zero 


as was the case with calves fed a riboflavin-free diet (12). 
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With the ration which we used we were unable to confirm the findings of 
Lundquist and Phillips (1) that nicotinic acid aids in the prevention of 
scours in calves. In our experiments the calves on the nicotinic acid-free 
diet had less scouring than calves receiving nicotinic acid. Scouring, 
which occurred once in Calves 11 and 12, was cured by sulfathalidine treat- 
ment without any nicotinic acid being given. In general, the main cause of 
scouring in all of our animals seemed to be either the feeding of rations con- 
taining non-homogenized fat (13) or the presence of infection. These 
findings agree with the reports of Thorp (14), of Kraus (15), of Norton, 
Eaton, Loosli, and Spielman (16), and the findings of Nevens.’ In later 
work (17) Hansen et al. were also unable to demonstrate a favorable effect 
of nicotinic acid in calf nutrition when the basal diet (defatted milk solids, 
containing approximately 10 y per gm. of nicotinic acid) supplied adequate 
amounts of vitamin A. 

It, therefore, appears to us from the data presented that an external 
source of nicotinic acid is not essential for the bovine. It also seems 
evident that the nicotinic acid utilized by the calf is synthesized in the 
body tissues rather than in the rumen or intestinal tract of these animals. 


SUMMARY 


Nicotinic acid was not found to be essential for growth of the bovine 
species. 

Two new-born calves, fed a nicotinic acid-free diet for 12 weeks, showed 
no deficiency symptoms and grew normally. 

Nicotinic acid and its metabolites were excreted in the urine of these 
animals at a rather constant level throughout the 3 months of the experi- 
ment. This excretion was unaffected by the feeding of 1 per cent 
sulfathalidine. 

On the nicotinic acid-free diet approximately 50 per cent of the nicotinic 
acid and metabolites was excreted as N'-methylnicotinamide and 50 per 
cent as Lactobacillus arabinosus-active nicotinic acid, of which 87 per cent 
was nicotinamide. 

A study was made of the excretion of nicotinic acid and its metabolites 
following various dosages and dietary levels of nicotinic acid and nicotin- 
amide with calves varying from 11 to 120 days of age. No increase in the 
excretion of N'-methylnicotinamide was observed on the administration of 
either nicotinic acid or nicotinamide. The main excretory products were 
nicotinamide (and nicotinuric acid at higher dosage levels) with somewhat 
lower amounts of nicotinic acid. 


* Nevens, W. B., unpublished data 
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“POLIC ACID” ACTIVITY OF N-(4-(4-QUINAZOLINE)- 
BENZOYL)GLUTAMIC ACID 


By GUSTAV J. MARTIN, JACK MOSS, ann SOUREN AVAKIAN 


(From the Research Department, The National Drug Company, Philadelphia) 


f 


Received for publication, December 9, 1946 


Angier ef al. (1) have reported on the structure and synthesis of the 
liver Lactobacillus casei factor which was found to be N-(4-(((2-amino-4- 
hydroxy-6-pteridyl)methyl)amino)benzoyl)glutamie acid. To date, this 
is the sole molecular configuration reported to have this activity. In a 
study seeking displacing agents for ‘‘folie acid,” 4-chloroquinazoline was 


TABLE I 
Comparison of Activity* of Pteroylglutamic Acid and N-(4-(4-Quinazoline)benzoyl)- 
glutamic Acid 


Concentration Pteroylglutamic acid N-(4-(4 ee 
y per 10 ml. 

0.000 110 110 

0.0065 170 150 

0.065 171 166 

0.65 175 175 

10.0 177 175 
100.0 190 182 


*Growth recorded as colorimeter (Klett) turbidity readings 


condensed with p-aminobenzoyl-/(+ )-glutamic acid,' producing N-(4-(4- 
quinazoline)benzoyl)glutamic acid, m.p. 240—-242°. When tested by means 
of a folic acid assay (2), this compound was found to be not a dis- 
placing agent but a growth factor, the potency of which approximated 
0.1 to 0.01 that of pteroylglutamic acid. Table I shows a typical protocol. 

It seems probable that a series of molecular configurations exists possess- 


” 


ing the activity of “folic acid 
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' Avakian, S., Moss, J., and Martin, G. J., unpublished data on synthesis 
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EFFECT OF CYANIDE ON THE CONCENTRATION OF LACTATE 
AND PHOSPHATES IN BRAIN* 


By NORMAN 8. OLSEN anv J. RAYMOND KLEIN 


(From the Department of Psychiatry, University of Illinois College of Medicine, 
Illinois Neu ropsych iatric Institute, Ch icago 


(Received for publication, August 26, 1946 


The toxic effect of the cyanide ion on brain in vivo, and other biological 
systems, is attributable mainly to its combination with the oxidized 
form of cytochrome oxidase and consequent interference with oxygen 
utilization. From this it would follow that the effects of cyanide would 
be essentially similar to those produced by hypoxia. This hypothesis 
is supported by the reports that hypoxia (1) and cyanide (2, 3) produce 
an increase in concentration of lactate and a decrease in the concentra- 
tion of phosphocreatine and adenosine polyphosphates in brain in vivo. 
However, the extent to which the changes following administration of 
cyanide may be attributable to hypoxia induced by effects on heart and 
respiration is uncertain. 

In the present investigation the effect of intravenous injection of cyanide 
on the concentration of lactate and certain organic phosphates in brain 
was studied in paralyzed cats maintained with constant artificial respira- 
tion. An attempt was made to determine whether direct action of cyanide 
on brain could account for the changes observed. 


EXPERIMENTAL 


Paralysis was induced in the cats by intravenous injection of 0.1 ml. 
of a solution of dihydro-s-erythroidine hydrobromide,! 0.1 gm. per ml., 
the necessary preparation for artificial respiration and exposure of the 
skull? for eventual freezing of brain being made under light ether anes- 


* This work was carried out under a contract between the Medical Division, Chem 
ical Warfare Service, and the University of Illinois. 

‘The laboratory is indebted to Merck and Company, Inc., for a supply of this 
drug. 

7 An attempt was made to use cats with the cortex widely exposed and the dura 
reflected. The levels of lactic acid were usually higher and the levels of phospho- 
creatine occasionally lower than those found in the cats with only the skull exposed. 
In the cat, in contrast to the dog and monkey, relatively gentle mechanical stimula- 
tion of exposed cortex initiates marked constriction of pial vessels (4). Also, in the 
cat, exposure of the cortex alone leads to engorgement and congestion of blood vessels 
throughout the brain (5). It is possible that these changes in the blood vessels may 
produce some degree of anoxia in brain, which would account for the results obtained 
after exposure of the cortex. However, in anesthetized dogs (1, 6) and cats (7) rela- 
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thesia. Paralysis was maintained by intravenous infusion of a solutig 
containing 0.1 gm. of the erythroidine in 500 ml. of 0.156 mM sodium eh] 
ride. 

The animals were used about 2.5 hours after initiation of artifiejg 
respiration. In the control series the brain was then f Zen DY pouring 
liquid air on the exposed skull.’ In the experimental series the brain was 


frozen at some interval after injection of a sodium cyanide solution. 


The frozen hemispheres were separated into two portions, one of whiel 
was the outermost 5 mm. layer, the other the remainder. These portions 
were ground to a powder and extracted with cold trichloroacetic aeid 
The extracts were assayed for lactic acid (11), ribose, and phosphates 
(12). Specifically, the phosphates were separated into calcium-insolubk 
and calcium-soluble fractions. The calcium-insoluble fraction was assayed 
for inorganic phosphate (13) and inorganic phosphate liberated in 10 min. 
utes by hydrolysis with 1 N hydrochloric acid at 100°. The calcium. 
soluble fraction was assayed for inorganic phosphate liberated in 1 how 
by hydrolysis with molybdic acid at room temperature. It may be 
assumed that the inorganic phosphate produced by the hydrolysis wit} 
hydrochloric acid was acid-labile phosphate from adenosine diphosphat 
and triphosphate and that produced by hydrolysis with molybdie acid 
was derived from phosphocreatine (12). 

Within the precision of the assays the results obtained with the tw 
portions of each brain were practically identical. Therefore, the results 
given in Table I are averages of those obtained with the two samples 
The equivalence of the two portions with respect to the constituents meas- 
ured indicates that the freezing was as effective in arresting change in 
the depths as at the surface of brain. 

The concentrations of lactic acid found in the control series are about 
the same as those obtained by Stone eft al. (7, 14) in anesthetized cats 
the concentrations of phosphocreatine and acid-labile phosphate an 


tively low levels of lactic acid and uniform levels of phosphocreatine have been four 


after exposure of the cortex 


3 Freezing a small area of cortex sometimes leads to initiation of high voltage dis 
charges in other areas of the cortex (S-10 The following experiment was carri 
out to see whether free Zing the entire brain leads to such a discharge The electrica 
activity of the dorsal portion of the spinal cord (right pyramidal tract, left anterior 
horn, left posterolateral column) was recorded with bipolar concentric electrodes 


Electrical discharge of brain initiated by any means would be reflected by increase 
activity in the cord. The activity was not enhanced during freezing of the brain 
Injection of strychnine after freezing brain elicited typical discharge in the cord 
Therefore, it appears that freezing brain under the conditions of the present work 
does not lead to electrical discharges. This experiment was carried out with the a 
of Dr. Arthur Ward, Jr 
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Brain Lactate and Phosphates 
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Changes in electrical activity 
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TABLE I—Concluded 
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= 4% 

- x Heart B Heart Brain Heart Brain 

0.8 mg. NaCN per kilo body ght 

P ng. P | mg. P 
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li 0) 6.4 16 ) 10 7 15 IS 0 ( 
IS 61 $.S ls 16 5 16 55 $4 0) () 
19 87 3.7 13 7.9 1.6 19 10 12 290 | 288 () () 
2 94 7.8 1S 10.5 1.7 14 9 6 431 |) 536 160 «60 
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lower. It is possible that the lower levels of these phosphates found in 


the present study represent an effect of the erythroidine on the cat. 
tainly the electrical activity of cat brain under erythroidine is markedly 
different from that in the anesthetized state. In the dog, however, the 
level of the phosphates under the influence of erythroidine and morphine 
are essentially the same as under morphine alone (6). 

[In the experimental series a sodium cyanide solution, 2 mg. per ml., 
was injected into the femoral vein, the total amount given being adminis- 
tered in about 7 seconds. Most of the animals were given 0.8 mg. per kilo 
of body weight, which corresponds to the convulsant dose in the intact 
cat. A few animals were each given 0.4 and 1.2 mg. per kilo. The smaller 
amount rarely produces convulsions in the intact cat; the larger is usually 
fatal. 
latter amount irreversibly damages brain, but not heart. 

The data obtained are presented in Table I. A difference between 8 


In paralyzed animals maintained with artificial respiration this 


given mean in the control series and a result in the experimental series 


that is greater than 2.5 times the standard deviation of the mean was 
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considered significant. The probability that such a difference would 
oecur by chance is about 0.013. 

At some interval after injection of all doses of cyanide the concentration 
of lactic acid in brain increased and, with the two larger amounts, the con- 
centration of phosphocreatine decreased. As is indicated by the results 
in Experiments 9, 10, 12, 15, 16, 18, and 20, the increase in lactic acid 
appeared before any significant decrease in phosphocreatine. Also, as 
is indicated by Experiments 14, 17, 19, 20, 23, and 24, the phosphocreatine 
returned to the control level before the lactic acid. The lactic acid and 
phosphocreatine of brain undergo a similar sequence of changes during 
hypoxia and recovery from this state (1). 

An estimate of the significance of the increase in brain lactate in terms 
of utilization of glucose can be obtained as follows: The oxygen consumption 
of brain in man (15, 16) and the monkey (17) in vivo is about 3.7 ml. per 
100 gm. per minute, and, for present purposes, may be assumed to be 
the same in the cat. Since all estimates indicate that the respiratory 
quotient of brain is almost 1, this oxygen consumption is equivalent to 
a glucose consumption of 0.026 mm per 100 gm. per minute. Comparison 
of the average level of lactate obtained in the control series and that 
obtained in Experiment 18, Table I, indicates that the rate of lactate 
formation in brain following administration of cyanide can increase about 
0.44 mm per 100 gm. per minute. This increase in lactate is equivalent 
to an increase in rate of glucose consumption of 0.22 mm per 100 gm. per 
minute; 7.e., the increase in rate is about 8 times the control rate. Thus, 
it appears that glucose consumption of brain tn vivo increased considerably 
after injection of cyanide. 

The data indicate no significant difference between the concentrations of 
acid-labile phosphate in the two series. In Experiment 22, the ratio 
of acid-labile phosphate to ribose phosphate was markedly low. This 
may indicate a decrease in the proportion of adenosine triphosphate in 
brain; however, the number of observations is too few to assess the signifi- 
cance of this finding. The concentration of triphosphate has been reported 
to decrease after dosage with larger amounts of cyanide than those used 
in the present study (3). 

The electrical activity of heart and brain was recorded during each 
experiment with Grass amplifiers and ink writers. The changes in activity 
of heart and brain following treatment with cyanide were similar to those 
produced by hypoxia.* In Table I are given the time after injection at 
which change in activity of heart and brain was noted, the duration of 
change in each tissue, and the period the tissues were allowed to recover. 

‘A detailed evaluation of the effects of administration of cyanide upon the elec 
trical activity of heart and brain and the oxygen tension of cerebral cortex will be 


reported from this laboratory 
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The data indicate that the time of onset and duration of change in both 
tissues were of the same order of magnitude. 

There is some correlation between the change in the chemical consgtit. 
uents of brain, the duration of change in electrical activity of heart and 
brain, and the period of recovery. Experiments 14 and 17 indicate tha 
toxic effects on brain and heart may endure for periods up to 25 seconds 
without change in concentration of lactic acid or phosphocreatine. Toxic 
effects on heart and brain, lasting less than a minute, were sufficient to 
give rise to an increase in lactic acid (cf. Experiments 18 and 26). Com. 
parison of Experiments 15 and 16, Experiments 18, 19, and 21, and Ey. 
periments 26, 27, and 28 indicates that the longer the duration of toxic 
effects on heart or brain the greater the change in the chemical constituents 
of brain. Also the longer the period of recovery, the closer the concentra. 
tions approach the control levels (cf. Experiments 22 to 25). 

Following injection of amounts of cyanide comparable to those used 
in the present study, the oxygen tension of cerebral cortex falls, owing, 
probably, to a decrease in cerebral circulation.‘ The close temporal 
relation between the hypoxic-like state of heart produced by cyanide 
and the changes in brain suggests that the latter may be due to a suitable 
degree of hypoxia consequent upon decreased cerebral circulation. In 
order to test this possibility the oxygen saturation of internal jugular 
blood was measured in several experiments. Following injection of 08 
mg. of sodium cyanide per kilo, the oxygen saturation of jugular blood 
did not decrease. After injection of 1.2 mg. per kilo, the oxygen saturation 
decreased. At a time after injection comparable to that indicated in 
Experiment 28, Table I, the saturation in the jugular blood was about 
25 per cent less than in the control. The level of saturation at this time, 
0.60, maintained during 15 minutes in the arterial blood of the dog, is not 
sufficient to affect the concentration of lactate or phosphates in brain (1). 
Therefore, the results of these experiments do not indicate a sufficient degree 
of cerebral hypoxia to account for the changes in chemical constituents 
of brain that followed administration of cyanide. Consequently, it may 
be inferred that the changes are produced by direct action of cyanide on 
brain. 

Unequivocal evaluation of oxygen saturation of jugular blood as an index 
of cerebral hypoxia is prevented by two factors; viz., internal jugular blood 
in the cat represents venous return from other parts of the head as well 
as brain, and collecting the blood requires relatively long periods of time 
and consequently would not reflect transitory periods of hypoxia. There 
fore, in order to gain further insight into the réle of cyanide in producing 
the changes in lactate and phosphocreatine in brain the following experi- 
ments were performed. 

Oxygen uptake and lactate production by cat brain in the presence of 
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cyanide were measured in vitro. The tissue was minced in the cold in 
. Latapie grinder with Ringer-phosphate solution, pH 7.4, containing 
900 mg. of glucose per 100 ml. A sodium cyanide solution was diluted 
with this tissue preparation to give mixtures containing various concen- 
trations of cyanide. Oxygen uptakes were measured manometrically 


TaB_eE II 
Effect of Cyanide on Oxygen Consumption and Lactic Acid Production of Cat Brain 
in Vitro 


The data indicate the amounts of oxygen consumed and lactate produced in 30 
minutes by about 400 mg. of minced brain. 























Concentration of cyanide Oxygen consumption Lactic acid production 
M 7 iia micromoles 7 micromoles 
0 3.6 6.5 
10-6 3.6 6.6 
10-5 3.3 8.1 
10-¢ 2.6 11.4 
10-3 1.0 11.3 
TaBLe III 


Concentration of Cyanide in Cat Brain Following Intravenous Injection of 0.8 Mg. of 
Sodium Cyanide per Kilo of Body Weight 
The animals were prepared as for the other experiments. At each time after in- 
jection indicated a brain was frozen, ground with trichloroacetic acid in the cold, 
and the protein-free filtrate assayed. 











Time after injection Concentration 
min. mole per 1000 gm. 
0 1.3 X 10-5 
5 ae es. 
10 1.1 X 10-5 
20 3 xX 10° 
30 Lix we 
40 <10-* 
40 1 xX 10° 
69 2 xX 10° 
90 :} xe 








with suitable mixtures of potassium cyanide and hydroxide to absorb 
carbon dioxide. Lactate was measured in trichloroacetic acid filtrates. 
The results of a typical experiment are given in Table II. The data indi- 
cate that the rate of lactate production was increased by the presence of 
about 10-° m cyanide. Also the rate of oxygen uptake was somewhat 
decreased by this concentration of cyanide. 

The concentration of cyanide in brain was estimated at various times 
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after intravenous injection of 0.8 mg. of sodium cyanide per kilo of bod 
weight. The tissue was assayed by a modification of the method 

Aldridge (18) suggested by Dr. M. Lipton. The data obtained are giver 
in Table III and indicate that the concentration of cyanide in brain , 
about 10-° m 30 seconds after injection. This concentration was maj 


tained for about 30 minutes, after which the concentration fell to aboy 


10-* m. Comparison of these data with those presented in Tables | ap 
[I indicates that the concentrations of cyanide in brain in vivo are adequat 
to account for the increases in brain lactate that follow administratig 
of cyanide. 

Since the level of cyanide in brain was also comparable to that at whi 


oxygen uptake begins to decrease in vitro, and since maintenance of hig! 


energy phosphate bonds depends upon oxidation, it may be inferred 


that the oxygen uptake of the brain 72n vivo was depressed and that the 


decrease in phosphocreatine was consequent upon this depression. 


SUMMARY 


The concentration of lactic acid in brain increases following intravenoys 


administration of subconvulsant, convulsant, and fatal doses of ecyanid& 


After administration of the two latter amounts the concentration of 


phosphocreatine decreases. ‘The changes evoked by the convulsant dos 


and presumably the subconvulsant, are reversible. The changes are 


attributable to direct action of cyanide upon brain. 
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TION OF BRAIN GLUCOSE, GLYCOGEN, LACTATE, 
AND PHOSPHATES* 
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College of Medicine, Illinois Neuropsychiatric Institute, Chicago) 
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The effect of convulsive activity of brain upon its composition is not 
clear. It has been reported that convulsions induced by metrazol (1-3), 
picrotoxin (1), and cyanide (1, 4, 5) are accompanied by increases in brain 
lactate, while those induced by strychnine are not (3). A decrease in 
brain glycogen is reported to occur during seizures induced by picrotoxin 
and strychnine (6); however, the assay of glycogen used was probably 
inadequate (3). Further, it has been reported that convulsions induced 
by picrotoxin, metrazol, and strychnine do not affect the concentrations 
of glucose, glycogen, or phosphocreatine in brain (3). This conclusion 
was based on experiments in which the convulsions were terminated by 
administration of amytal or ether some time before removal of brain for 
analysis. Anesthesia is reported to lead to maximum concentrations 
of high energy phosphates (7) and minimum concentrations of lactate 
1, 7), which suggests that the several negative findings may have been 
due to reversal, during the period of anesthesia, of changes which had 
been effected by the convulsions. This suggestion is borne out by the obser- 
vation that, under continuous morphine anesthesia, convulsions induced 
by metrazol are accompanied by a decrease in brain phosphocreatine (2). 

In addition to an increase in lactate, administration of cyanide is followed 
by decreases in brain glycogen (4), phosphocreatine (4, 5), and adenosine 
triphosphate (4). However, convulsions induced by cyanide are due 
to depression of the cerebrum with consequent release of lower structures. 
Thus, the changes in composition of brain induced by cyanide are not 
directly comparable to those produced by the other drugs considered, 
since they increase the activity of the cerebrum. 

The present work reports the effect of induced convulsive activity of 
brain, defined by its electrical activity, on the concentration of glucose, 
glycogen, lactate, and phosphates in the cerebral hemispheres of paralyzed 
cats maintained with artificial respiration. The experimental conditions 

* A preliminary report of this work was presented at the meeting of the Association 
for Research in Nervous and Mental Disease, New York, De cember, 1946. 

Aided by a grant from the Rockefeller Foundation. 
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748 CONVULSIVE ACTIVITY OF BRAIN 


avoid the effects of changes in respiration, es li 
by apne hicl pany sel intact animal and proy 
1 means of estal ng the urrel of convulsive ty in brair 
EXPERIM I 

Cats, prepared under viny! ether for artificial ration and, by exposur 
of the skull, for eventual freezing of brain, were injected with convulsant 
drugs or given an electric shock about 2.5 hours after initiation of paralysis 
by intravenous injection of 10 1 of dihvd rvtl hydrobro 
mide,' the paralysis being maint d throug! nt by intr 
venous infusion of the erythroidine, 190 mg. in 500 ml. of 0.156 m sodiun 
chloride At some ti Iter appearance ry : { Vv, followed 
by means of Grass amplifies nd ink te { brains were frozen by 
pouring liquid air on the exposed skull In each experiment a sampk 
of arterial blood taken in he} just prior to administration of th 


convulsant agent and another at thi me the brain was frozen Controls 
were obtained in similar fashion except t! treatment was substituted 


for administration of the agents. 


The frozen hemispheres were removed, ground to powder while frozer 
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TaBLE I—Concluded 





°o§$ 4 ES 
D Period aa = ~ =5 
ot S= $ | => 
iw _ ~| f 
Convulsant nvul ye “ S 2° os 
sive v = © w 4 ~ 2a 

lh t ~ <3 4 
ictivity if a% = . = SI ae 
Total : = an d ~- os be =n 
,Ootal 3 Yi > S = — Pad 
an >= la ry ; a L= 
Y _ Oo _ = 4 mS 

ec 

Picrotoxin 10 ».9 0.18] 4.6 | 2.2 | 1.5 | 0.0 | 2.613.211.3 
“ 2 2 90 | 3.0 10.26| 3.8 | 6.3 | 2.0 | 0.6 | 2.3 | 6.1 | 2.8 
Strychnine 2 | 10 | 1.0 10.16 3.9 | 4.0 | 1.1 | 0.2 ! 1.8 |10.3 | 2.0 


sulfate 
= : ‘ aé é 
Ifa l 500 10 5.4 010.815.2168 143 


sodium su 


pyridine 


l 620 10 | 2.7 0.27| 2.7 | 6.1 1.7;|0.8) 1.4 1.1) 2.6 
lhujone l 6S 10 | 1.3 0.17) 3.7 | 6.0 | 0.7 2.5 | 2.3 
é l 70 60 | 1.0 0.13) 4.8 | 7.1 | 0.1 | 1.0) 1.0 | 9.5 | 3.7 


Oo 
>a 
Se) 
~J 


Mean 2.6 ae * gee ae Fe oe e 
“ for 10 sec. period 2.56 0.22 4.8 | 4.2 1.2/0.4 1.7 


Yo 
~ 
nh t 
Ft 


* 10 volt, 60 per second, square waves, applied during 5 seconds 


TABLE II 
Effect 1] Cor l 1 ily if Brain upon Composition of Plasma and Brain 
The concentrations and their standard deviations are expressed as mm per kilo of 
tissue or per liter of plasma The result printed in bold-faced type differs signifi 
antly from the re sper tive control 


Plasma Brain 


Substance Experimental Control 


Experimental Control 


Glucoss 9.7 +2.7 2.0 +3.5 [12.0 +2.9 jCf. Table I |Cf. Table I 
Lactat 18 +1.1 2.8 +1.5 | 2.2 +1.2 | “ > es =, * 
Pyruvate 0.15 +0.08 | 0.18 +0.08 | 0.17 +0.02 | 0.22+0.11) 0.22+0.11 
Creatinine* 0.091 +0.022 0.105+0.087) 0.080+0.014) 0.42+0.13) 0.49+0.01 
Amino Nf $8 +0.9 10 +1.8 3.3 +2.0 3.5 +6 3.8 +2 

Creatine* 7.¢ 22.1 | 7.7 22.4 


* These assays were carried out colorimetrically with protein-free filtrates made 


th tungstic acid and the usual reaction of creatinine with alkaline picrate 


t The assays were made manometrically with tungstic acid filtrates and the reac 
ion of amino nitrogen with nitrous acid 
the duration of the convulsive activity, the higher was the concentration 
of lactate. No such trend is apparent in the case of the other metabolites. 


rhe concentrations of several substances in plasma from the control 
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animals and in plasma obtained before and after initiation of convulsive 
activity, and in brains of control and experimental animals, are given 
in Table II. 

The convulsive activity was accompanied by a significant increase jp 
plasma lactate. This is probably attributable to muscle contraction. 
since paralysis induced by dihydro-8-erythroidine hydrobromide is not 
absolute. No change attributable to convulsive activity was noted in 
the concentration of the other substances. It is of some interest that 
the concentration of pyruvate in brain was not affected by the convulsions 


DISCUSSION 


The present work indicates that induced convulsive activity is accom- 
panied by increases in brain lactate, adenosine diphosphate, and inorganic 
phosphate and decreases in gly ec ven, glucose, ratio of brain to plasma 
glucose, acid-hydrolyzable phosphate, and adenosine triphosphate. The 
work of others has indicated similar changes in lactate (1, 2), glycogen 
(6), and phosphocreatine (2). The failure of Kerr and Antaki (3) to 
observe changes in the level of brain lactate, glycogen, and glucose as a fune- 
tion of convulsions is probably attributable in part to the effects of the anes- 
thesia used to interrupt convulsions and permit the removal of brain for 
assay. A further factor that would contribute to negative findings is 
the increase in concentration of blood glucose that accompanies seizures 
in the intact animal (3, 14). Such an increase in blood level would increase 
the level of glucose in brain (15), which would in turn compensate to some 
ucose and glycogen. Whether 


an increase In brain glucose would prevent the decrea 


extent for any potential decrease in brain gl 
ses In phosphates 


induced by the convulsive activity is uncertain 


The significance of the changes in phosphates accompanying the con- 


vulsive activity is as yet not entirely clear. ‘The mean increase in inorgank 
phosphate, 1.9 mm per 1000 gm., approximates the sum of the decreases 


in phosphocreatine and acid-labile phosphate, 2.2 mm per 1000 gm., whieh 


may signify that phosphocreatine and adenosine triphosphate were the 
sources of the increase in inorganic phosphate. In other tissues it appears 
certain that the increase in inorganic phosphate occurring during increased 
activity is derived from these two compounds (16-18 

In the electric organ of Electrophorus electricus the close temporal relation 
between electrical discharge and decrease in phosphocreatine suggests 
a direct causal relation (19); however, current hypotheses propose that at 
increase in tissue activity requires an increase in rate of breakdown d 
adenosine triphosphate and that phosphocreatine serves to maintain the 


concentration of triphosphate 20). From these hypotheses, it appeals 


that the increase in activity of brain represented by convulsive behavior | 
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demands a rate of utilization of triphosphate greater than the capacity 
of the tissue to synthesize this substance. It is possible that the isoelectric 
periods of brain that occur during convulsions represent periods during 
which a limiting concentration of triphosphate is reached. 

The relation adenosine triphosphate + creatine = adenosine diphos- 
phate + phosphocreatine has been well established in vitro and presumably 
exists in vivo. At equilibrium the relation may be described as follows: 

(\denosine triphosphate) (creatine) 


= K 


Adenosine diphosphate) (phosphocreatine) 


where A isa constant. With rabbit muscle extract, it has been established 
that the value of the constant is about 8 at pH 7.7 (21). From the appro- 
priate data for the control series given Table I and the mean concen- 
tration of total creatine, 7.7 mm per 1000 gm. (cf. Table II), the value 
of K for the steady state may be calculated. This value for brain in vivo 
is 2.6. From this value of K and the mean level of phosphocreatine 
obtained in the experimental series the change in the ratio of triphosphate 
to diphosphate induced by convulsions may be calculated. The calculated 
and observed ratios are 0.48 and 0.31 respectively. Better agreement 
would not be expected necessarily because of other reactions which pre- 
sumably occur in vivo, e.g. formation of adenosine diphosphate and inorganic 
phosphate from the triphosphate and of triphosphate from the diphosphate 
22), and the lack of information about the rates of these reactions. 

The decrease in brain glucose accompanying the convulsive activity, 
indicated by the difference bet ween the mean concentration of brain glucose 
in the control and experimental series, was 1.7 mm per 1000 gm. The 
decrease in the case of the 10 second series was also 1.7 mm per 1000 gm. 
As is indicated by the fact that the ratio of brain to plasma glucose 
also fell during the convulsive activity, the decreases are not attributable 
to changes in plasma glucose. The decrease was not caused by a decrease 
in rate of supply of glucose to brain, since cerebral blood flow increases 
during convulsive activity (23-25), and it seems unlikely that it was caused 
by a decrease in rate of transfer from blood to brain. Therefore, the 
decreases in brain glucose imply an increased rate of glucose utilization. 
For the 10 second series the increase in rate was 10.2 mM of glucose per 
1000 gm. per minute. 

The differences between the mean glycogen levels in the control and 
experimental series indicate a decrease of 2.1 mm per 1000 gm. during 
the seizures. The decrease for the 10 second series was 2.0 mm per 1000 
gm. These decreases further indicate an increased rate of glucose utiliza- 
tion by brain during convulsive activity. For the 10 second series the 
increase in rate was 12,0 mm per 1000 gm. per minute. 
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The increments in brain lactate in the experimental and 10 second series 
were 3.3 and 2.0 mm per LOOO gm respectively The increased rate of 
lactate production for the 10 second period, 12 mm per 1000 gm. per minut, 
is equivalent to an increase in glucose utilization of 6 mM per 1000 gm 
per minute. ‘This increase in rate of lactate production is about the sam, 


as that which follows administration of convulsant doses of cyanide (5 


It is possible that the decreases in total carbohydrate are equivalent 


to the increases in lactate found, lactat converted into unidentified 
products, and accelerated transfer of lactate from brain to blood. The 
latter possibility seems untenable since the rate at which increments in 


brain lactate produced by hypoxia 26), convulsions (2), and evanide (5 
disappear is slow. Further, an increase in the rate of oxygen consumption 
has been observed during seizures (25). Therefore, the simplest inter- 
pretation of the results is that the fraction of total carbohydrate disappear. 
ing and not accounted for as lactate was completely oxidized. 

The basal rate of oxygen consumption of brain in man (25, 27, 28) and 
monkey (25) in vivo is about 3.7 ml, per 100 gm. per minute, and may be 
presumed to be the same in the cat. Since glucose is certainly the main 


metabolite used by brain, the oxygen consumption indicates a basal 


glucose consumption of 0.275 mM per 1000 gm. per minute. ‘The tota 
increase in rate of glucose utilization during the 10 second period of con 
vulsive activity, 22.2 mm per 1000 gm. per minute, is about 80 times th 


presumed control rate. 

No direct estimate of the rate of lactate formation by brain in the contr 
state is available. From the cerebral arterial-venous difference in glucos 
—10 mg. per 100 ml. of blood, and lactate, +1.6 mg. per 100 ml., found 
man in the basal state (29), if may be inferred that the control rate of 
lactate production represents 16 per cent of the total rate of carbohydrate 
metabolism of brain. Of the total increase in rate of glucose utilization 
during the 10 second period of convulsive activity, 27 per cent is accounted 
for as an increased rate of lactate production. ‘The ratio of lactate produc- 
tion to total glucose utilization obtained during seizures is about 1.7 times 
the ratio existing in the presumed control state. 

The increased utilization of oxygen by brain during seizures is reflected 
by a fall in oxygen tension of cortex which begins just prior to the onset 
of the seizures and is maintained for a considerable period during them 
(30). It has been suggested (30, 2) that the decrease in oxygen tension 
produced by the increased rate of oxygen utilization, implies a degree of 
hypoxia sufficient to account for the increase in lactate and decrease i 
phosphocreatine found in brain during convulsive activity. The apparent 
increase during seizures in the fraction of total glucose appearing as lactate 
obtained in the present work supports this hypothesis. 
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An alternative explanation of the change in lactate and high energy 
phosphates during seizures may be offered; viz., the decreases in phospho- 
creatine and adenosine triphosphate represent an increased rate of utiliza- 
tion of triphosphate in functional events comprising the seizures, the 
increase in rate being greater than that at which the triphosphate can be 
evnthesized; the increase in lactate reflects an increase in its rate of forma- 
tion equal to the over-all increase in rate of glucose metabolism. the rate 
of transfer of lactate from brain to blood being and remaining the same 
function of its concentration in brain. Choice between these hypotheses 
as explanations of the changes in composition of brain that occur during 
convulsive activity can be made when all of the necessary information 
ean be derived from the same experimental animal. 

SUMMARY 

Induced convulsive activity is accompanied by decreased concentrations 
of brain glycogen, glucose, phosphocreatine, and adenosine triphosphate 
and increased concentrations of lactate, adenosine diphosphate, and inor- 
ganic phosphate. The cerebral metabolism of glucose is markedly 


increased during convulsive activity. 


The faithful technical assistance of Stiscie Mizenberg and Ellen Ridley 
is gratefully acknowledged. 
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THE DETERMINATION OF PLASMA OR SERUM ALBUMIN BY 
MEANS OF A PRECIPITIN REACTION 
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Electrophoresis is widely accepted as a method for the separation and 
estimation of the various protein components of plasma (1, 2). However 
the procedure is not available to many investigators. A method which will 
permit the estimation of plasma albumin concentration with speed and 
accuracy is desirable. Although such a method will not yield all of the 
information available from an electrophoretic pattern, it should prove 
useful in the study of protein nutrition. 

The Howe method (3), or a modification of it, is commonly used for the 
estimation of albumin and of the albumin-globulin ratio. These procedures 
do not produce a clean separation of albumin and globulin of normal 
plasma, since each fraction is contaminated by the other. This method is 
only useful to differentiate sera of low and high albumin content and is not 
a precise method of assay (4). Other methods have been developed more 
recently. One of these involves a separation of albumin and globulin by 
precipitation with methanol mixtures at low temperatures (5). Results 
with this method appear to agree well with those obtained by electro- 
phoretic analysis. However, the method requires an operation at low 
temperature. 

A second method involves the precipitation of a protein antigen by the 
homologous antibodies contained in a specially prepared immune serum. 
It has been demonstrated that, over a considerable range, the antibody 
nitrogen precipitated from a properly prepared antiserum by different 
amounts of antigen bears a quantitative relationship to the amount of 
added antigen (6). Such a circumstance permits the estimation of the 
amount of antigen present in an unknown sample. This principle has been 
employed by a number of investigators for the estimation of albumin and 
globulin in human sera and other body fluids (7-9). However, the pro- 
cedures have yielded unsatisfactory results, probably because of the use of 
inhomogeneous albumin and globulin antigens in preparing the antisera (9). 

Advances in the fractional precipitation of plasma proteins with alcohol 
now make possible the preparation of homogeneous albumin as judged by 
electrophoretic or ultracentrifuge studies of the resulting products (10). 
Human albumin has been prepared containing somewhat less than 2 per 
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cent of other contaminating proteins. ‘This product has been utilized ¢ 
produce anti-human albumin sera from rabbits which should react specif. 
cally and exclusively with human albumin. The use of these antisera for 
the rapid, precise assay of human albumin by a precipitin reaction is the 
subject of the present communication. 

Procedure 

Preparation of Human Albumin-Alum Solution—The human albumin 
used for immunization was analyzed electrophoretically in a 0.10 m diethy| 
barbiturate buffer at pH 8.4 and was found to contain less than 2 per cent 
contaminating globulins and more than 98 per cent albumin. To 250 ml 
of the albumin solution containing 0.85 per cent NaCl (2.0 mg. of pro- 
tein per ml.) was added an equal volume of 1 per cent alum solution 
(Als(SO4)3- (NH4)2SO,4-24H.O). The clear solution was filtered through 4 
sterile Seitz filter and used to immunize rabbits. 

Immunization of Rabbits—A daily dose of 1 ml. of albumin solution was 
administered intravenously to each of thirty-six rabbits for 4 successiy. 
days. 3 days of rest were allowed and daily injections given for 4 addi- 
tional days. A second rest period was followed by a third series of injec- 
tions, making a total of twelve injections for each rabbit. Animals were 
bled from the heart on the 6th day and after the last injection. The ani- 
mals were divided into groups of twelve and the sera from the animals in 
each group pooled. Precautions were exercised to prevent hemolysis, t 
avoid the complication of hemoglobin in solution during the final optical 
measurement.' 

Standardization of Pooled Sera—The relationship between the human 
albumin added and homologous antibody precipitated was standardized 
with each pool of sera. Known dilutions of human albumin were added to 
a sufficient amount of antiserum to insure an excess of antibody. The 
amount of antibody precipitated in each sample was then estimated in 
terms of the turbidity produced according to the method of DeFalco and 
Boyden (11), or, in terms of mg. of antibody nitrogen precipitated (micro 
Kjeldah! method). 

The procedure was carried out at room temperature and was as follows: 
1.0 ml. of a solution containing pure human albumin in different concentrn- 


1When hemolysis is present, additional manipulations are necessary to obtain 4 
usable antiserum. The anti-human albumin antibody is precipitated by ammonium 
sulfate at half saturation (38 gm. of solid ammonium sulfate are added per 100 ml. of 
hemolyzed sera). The insoluble antibody is then separated by filtration and th 
solid material dialyzed against 0.85 per cent sodium chloride until free from sulfate 
A small amount of insoluble protein may appear during the dialysis. This can 
removed by filtration with Whatman No. 3 filter paper. The clear filtrate is then 
made to the volume of the original serum sample. 
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tions (10 to 80 y of nitrogen per ml.) was added to a series of calibrated 
Klett-Summerson tubes containing 2.0 ml. of 0.85 per cent sodium chloride 
solution. 2 ml. of rabbit anti-human albumin serum or the purified anti- 
body fraction were then added to each tube. The contents were carefully 
mixed without foaming and the turbidity was measured at 2 hours.2 After 
the turbidity measurements, the tubes were set in ice water overnight and 
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Fic. 1. Standardization of anti-human albumin rabbit serum 


the amount of antibody nitrogen precipitated was determined according 
to the procedure of Chow and Goebel (12). 

The results of a typical experiment of this general type are given in Fig. 
|. It was found that the slope of the curve varies with different pooled 
immune sera. Hence, it is necessary to standardize each serum before 
use. As a precautionary measure, at the present stage of development of 

* Readings were taken at $,1,2,and3hours. The maximal reading was reached in 
| hour and remained constant for at least 1 additional hour. Asa matter of conven 


lence, the 2 hour reading has been chosen for routine estimation A variation of 2° 


ahem Paks : 
above or below the room temperature (22°) does not materially alter the results 
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the method, new standard curves were constructed with each large group 


of estimations. Data from these experiments indicate that the standan 


curve is reproducible within a period of some 4 to 5 days, and perhaps 


longer, depending upon the conditions ot storage of the sera. 
TABLe [| 
Resul D f Alb Electroplh nological 
Vi 
—_—_ 
Per | 
H in N I lity N in éinteee 
n ae ; ' I - | Electropho. 
res 
1021 79.2 134 a4 
90.4 112 148 6 61 
S.8 Q7 28 6 7 )* 64 (63)* 60 
1086 100.0 135 D22 a9 
60.0 100 10) 50 ) 
6.0 76 270 ) 0 (51 58 
1013 69.9 120 178 4 i 
1) ¢ 4 gHS »s » 7 (DS 55 
1044 S4.0 143 7 
0.4 li] 342 61 vi 
0.2 S4 262 61 (60 53 (55 55 
1241 22.5 7 19 
61.3 OO t4 
6 68 250 if 16 £9 (49 48 
1240 138.5 150 39 
17.0 119 7 
67.9 103 80 11 (3 13 (43 45 OI 
1131 149.6 156 10) 
104.7 13 $82 10) 39 
73.3 11] 398 $2 (41 10 (40) 4] 
1175 187.2 135 23 
12.3 102 23 
67.4 78 250 24 (23 24 (24) 24 
996 101.0 79 246 19 15 
70.7 65 226 20 LS 
19.5 53 182 19 ) 0 (1S 19 
* The figure in parentheses is the ave gr ampli 


Determination of Albumin in Plasma—Samples of plasma were obtained 
from a number of patients whose plasma albumin concentrations had beet 
determined by electrophoretic analysis, according to the technique @ | 
Longsworth and in diethyl] barbiturate buffer of pH 8.4 and ionic strength 
of 0.10. 0.5 ml. of each serum was diluted to 50 ml. with 0.85 per cett 


sodium chloride solution, and this solution was used for the total nitrogel 
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determination by the micro-Kjeldah! method and for the determination of 
albumin concentration by the precipitin method. For the albumin 
determination, this solution was further diluted twice with a normal saline 
solution (about 1.5-fold each time) so that the albumin content of these 
three dilutions fell within the range of the pure human albumin used in the 
standardization, e.g. 10 to 50 y of nitrogen, for Antiserum 16B (see 
Fig. 1). It is advisable to carry out these three dilutions so that at least 
two of them will have an excess of antibody. The results of a series of 
experiments with nine samples of plasma are collected in Table I, from 
which it can be seen that there is a good agreement in percentage of albumin 


TABLE II 


Results on Determination of Albumin by Electrophoretic and Immunological 
Methods 





Per cent albumin found 
Human plasma No —s ssnsttnesiteetnpananinaneitiatgtincisdianinaaaatimeiiaianes ——— 
Turbidity* Electrophoretic analysis 


1091 


48 56 

1240 53 55 
1051 53 52 
1129 53 | 47 
1092 47 43 
990 33 37 
1246 36 38 
1109 38 36 
1210 32 34 
1145 31 29 
1175 25 24 





* Average of results on three dilutions of human plasma. 





found at different dilutions of plasma used, no matter whether the deter- 
mination was made by turbidity or by antibody nitrogen precipitated. 
Secondly, these results also agreed within 10 per cent of those obtained by 
electrophoretic analysis, even though some samples of plasma used con- 
tained as little as 19 per cent and others contained as much as 60 per cent of 
the total nitrogen as albumin nitrogen, a variation of 315 per cent. Al- 
bumin determinations were also performed with purified antibodies isolated 
from hemolyzed antiserum.! The results of the analyses of eleven samples 
of human plasma (with 24 to 56 per cent albumin) are collected in Table 
Il. For this experiment only the turbidity measurement was made. They 
again show an agreement between the precipitin reaction and electro- 
phoretic methods within about 10 per cent. 

In order to ascertain the effects of other plasma proteins on the quanti- 
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tative relationship between albumin and antibody precipitated, we have 


obtained several samples of proteins precipitated from human plasma at 
different concentrations of alcohol and different pH. These fractions 
contained different amounts of albumin as well as other plasma _ proteins 
(e.g., fibrinogen, a-globulins). The amount of albumin present in thes 
fractions was also determined electrophoretically*® and ranged from 10 4 
about 40 per cent. These results (see Table II1) are compared with thos 
found by the precipitin method. It can be seen that the agreement js 


satisfactory in spite of the presence of different contaminating proteins, 


TasB.e III 


Results for Determination of Human Albumin in Fracti tted Huma? Plasma } 
Ele ctrophoretic an | Imm unolog | Ff thod 


t € alt found 
manag, nema als dinbiiinetinn te’ 
\rurbidit i lectrophoret 
analysis 

I 55% fibrinogen ) 10 
Il 19% a.-globuli: 26 ) 
II] 67% 23 16 
IV 24% ; + 18% 8-globulin 6 37 

\ 10% a,-globulin 24 l 


DISCUSSION 


The results presented above indicate that a quantitative relationshi 
exists between human albumin added and its homologous antibody pre- 
cipitated in properly prepared antisera. Precipitated antibody can be 
measured in terms of turbidity produced, or nitrogen contained in the 
precipitate, with equally accurate results. The turbidity determination 
being simpler and more rapid, is suggested for routine use. 

The percentages of albumin in plasma determined by the precipitin 
method agreed with the electrophoretic analysis, even though the range of 
albumin varied from 20 to 60 per cent and in the presence of abnormally 
large amounts of contaminating proteins. Thus, it is believed to be 
applicable to normal as well as pathological sera. The immunological 
method is superior to either the salt fractionation or alcohol precipitation 
method in simplicity and speed as well as in the small amount of plasma 
needed. The presence of other protein components apparently does not 
interfere with the determination because of the specificity of the immuno 
logical reaction. The accuracy of the present method can probably be 


* The author is grateful to Dr. J. Palmer of E. R. Squibb and Sons for supplying 
these samples and for the results of electrophoretic analyses. 
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2 have increased by using a higher titer of the antibody and the procedure can be 
ma at adapted for even smaller plasma samples. 
uctions The method as described is largely empirical, although based upon sound 
roteins immunological principles. Further work will be required to determine the 
thes; effect of several variables which may be important in determining the limits 
10 t within which the procedure may be varied without sacrifice of precision. 
1 those Among these are the effect of salt concentrations and temperature on the 
ent js reaction, the extent to which varying degrees of immunity alter the use- 
8. fulness of the antisera, and the effect of long term storage of antisera under 


different physical conditions. 


SUMMARY 

When rabbits were immunized against electrophoretically pure human al- 
bumin, the antiserum reacted specifically with its homologous antigen and 
not with other plasma proteins. The amount of antibody precipitated by a 


horet a . A . a 
sis given amount of albumin can be measured either by the turbidity or by 
determining the amount of antibody nitrogen precipitated by the Kjeldahl 
) method. After careful standardization of the pooled antiserum, it was 
| found possible to determine the amount of albumin in human plasma or in 
fractions obtained during the fractionation of human plasma. The results 
obtained are in agreement with those determined by electrophoretic 
analysis. 
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COMPARATIVE PROPERTIES OF PURIFIED PREPARATIONS 
OF TWO DISTINCTIVE STRAINS OF TOBACCO 
MOSAIC VIRUS OBTAINED FROM DISEASED 
TURKISH TOBACCO AND PHLOX PLANTS 
By H. Z. GAW* ano W. M. STANLEY 
From the Department of Animal and Plant Pathology of The Rockefeller Institute 
for Medical Research, Princeton) 

PLATE 4 
Received for publication, November 29, 1946) 

Since the isolation of tobacco mosaic virus in the form of a characteristic, 
erystalline material of high molecular weight (1, 2), a wealth of experi- 
mental data has been accumulated (3-7) which indicates that tobacco 
mosaic Virus Is, in fact, a nucleoprote in, the molecules or particle s of which 
are 15 by 280 my in size, with an anhydrous weight approximately 40 mil- 
lion times that of the hydrogen atom. Purified preparations of the virus 
were found to possess characteristic biophysical, biochemical, and immuno- 
chemical properties. However, strains of tobacco mosaic virus were found 
to yield purified preparations possessing slightly different, yet characteris- 
tic, biophysical, biochemical, and immunochemical properties (8-13). 
Thus, purified preparations of the Holmes’ rib-grass strain of tobacco 
mosaic virus were found to contain 6.4, 3.5, and 4.3 per cent, respectively, 
of tyrosine, tryptophane, and phenylalanine, whereas the ordinary strain of 
tobacco mosaic virus contains 3.8, 4.5, and 6.0 per cent, respectively, of 
these amino acids. ‘Tobacco mosaic virus contains no histidine, whereas 
the rib-grass strain contains 0.55 per cent of histidine. 

The isolation by Loring and Stanley (14) from diseased tomato plants of 
a purified preparation of tobacco mosaic virus which possessed properties 
essentially identical with those of virus isolated from diseased Turkish 
tobacco plants seemed to indicate that the virus leads an autonomous 
existence that is unaffected, at least to a large degree, by the nature of its 
host. However, Knight (15, 16) recently studied the properties of purified 
preparations of influenza virus obtained from infectious allantoic fluid of 
chick embryos and from infected mouse lungs, and found that, although 
the biophysical and biochemical properties were essentially the same, 
the immunochemical properties were different. Purified influenza virus 
preparations from the two sources were found to possess, in common, an 
antigenic structure characteristic of the virus, but purified preparations 
obtained from infectious allantoic fluid were found to possess, in addition, 
an antigenic structure characteristic of normal allantoic fluid, and purified 

* Fellow of the Rockefeller Foundation. 
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preparation obtained Irom intectead mouse lungs ere found tO possess, 1 
ascddit t oT antic rh} trietire ’ toy ' *y | y +7 ; 
adalul an antigenic structure naracteristi | Or! mouse lung 


material. If the respective purified preparations are regarded as influenza 
virus, the results would seem to indicate that the compos! ion of the Virus 
an be affected by the nature of the host. In view of this p ssibility, it 
seen ed desirabie to reexan ine the situation With respe¢ ct lo tobac con Osaki 


virus, especi illy since, in the case already studied, the two hosts, lurkist 


tobaceo and tomato, are both membe rs ol the Solanaceat lami [In order 


he attack, it seemed advisable to select hosts far removed iron 


1 to compare the properties of distine- 


to broader 
each other in the plant kingdom, anc 


tive strains of virus produced in such 


\osts Accordingly purified prepara- 
tions of the ordinary strain of tobacco mosaic virus and of the rib-grass 
strain of tobacco mosaic virus were obtained from diseased Turkish tobace 
and from diseased phlox plants. The results of a comparative study of th 


properties of the four preparations are reported in the present paper 


XPERIMENTAI 


Preparation of Virus—Turkish tobacco (Nicotiana tabacum) and phlox 
hlox drummondit), about 3 or 4 weeks old, were inoculated wit} 
yv rubbing two or three leaves on each plant with a gauz 
pad saturated with infective juice \bout 4 weeks after inoculation, th 
plants were harvested and frozen ‘The frozen plants were put through a 


meat grinder and 3 per cent by weight of NasHPO, was added to the 


macerated plant material to maintain the hydrogen ion concentration neal 
pH7. The infectious juice was obtained by the usual process of extraction 


lraulic press 


from the macerated plant tissue by pressing in a Carver hy¢ 
and the virus Ww purified by four cycles of differential centrifugation 
essentially after the general procedure commonly emploved in this labo- 
ratory. 

The yields of purified virus of both strains from phlox plants were found 
to be much less than the ields from Turkish tobacco plants In Turkis! 
tobacco plants the yield, in gm. of highly purified virus per liter of expressed 
juice, was 2.4 to 2.8 for the ordinary strain and 0.36 to 0.62 for the mb- 
grass strain, but in phlox plants the corresponding yields under simila 
conditions were only 0.36 to 0.63 and 0.2 to 0.4 

The virus preparations were tested for viru ictivity on Nicotiana 
glut osa by the half leaf local lesion method (17 Che number of lesions 
produced on the leaves was found to be proportional to the concentration 
of the virus and the maximum infective dilution for the two strains from 


both phlox and tobacco plants was found to be about 10~* to 10-!° gm. per 


ml. When tested under comparable conditions, no significant difference | 


vas noted in the infectivity of the four virus preparatior 
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Isoelectric Point of Virus Preparations—The isoelectric points of the 
virus preparations were determined by means of the micro electrophoresis 
apparatus of Northrop and Wunitz (18). The virus was dissolved in 0.1 
phosphate buffer at a concentration of 10 mg. per ml. The determinations 
were made by following the general procedures given by Miller, Lauffer, and 


0.4 


7 «“ 
° x, 
SS & 














| TT l i 
05 0.1 0.2 0.3 0.4 0.5 0.6 


Concentration of virus, g. per 100cc. (in 0.1m PO, buffer) 
Text-Fic. 1. The specific viscosity of the four purified virus preparations 
TT, ordinary strain from Turkish tobacco; 7'P, ordinary strain from phlox; RT, 
rib-grass strain from Turkish tobacco; RP, rib-grass strain from phlox. 


Stanley (19). The values found for the isoelectric points of the ordinary 
strain produced in tobacco and in phlox plants were at pH 3.50 and pH 
3.55 respectively. These values are about the same as those that have 
been reported earlier (14, 20, 21). The isoelectric point of the rib-grass 
strain of tobacco mosaic virus has not been reported previously. In the 
present study preparations of rib-grass virus from tobacco and phlox 
plants were both found to possess an isoelectric point at pH 4.0. 
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Sedimentation Constants—The four purified preparations of virus were 
examined in the analytical ultracentrifuge at a concentration of 3.0 mg. 
per ml. in 0.1 m phosphate buffer. The sedimentation constants were 
found to be 170 and 176 Svedberg units for the ordinary strain obtained 
from tobacco and phlox, respectively, and 186 and 176 Svedberg units for 
the rib-grass strain obtained from tobacco and phlox plants, respectively. 
Single determinations were made on each preparation and it seems unlikely 
that the differences found are significant. 

Viscosity Determinations—Viscosity measurements of the four virus 
preparations in 0.1 mM phosphate buffer at pH 7.0 were carried out at 
29.1° + 0.2°. An Ostwald type of viscometer was used for the determina- 
tions. The results are presented graphically in Text-fig. 1 where the specific 
viscosity is plotted as a function of the concentration of virus in gm. per 
100 ml. It can be seen that at the given concentrations the specific 
Viscosity is a linear function of virus concentration for all the virus prepara- 
tions measured. This is in agreement with the observations of Lauffer 
22). It will be noted that the four preparations differ only slightly in 
intrinsic viscosity and it seems reasonable to conclude that they are ina 
similar state of aggregation. The average value of the intrinsic viscosity 
for the four preparations would correspond to an average particle length 
greater than 280 my. This is in accord with the electron micrographs, 
which show a certain amount of aggregation. 

Electron Micrography—¥"lectron micrographs of the four virus prepara- 
tions were made by means of the gold shadow-casting technique. The 
preparations were dialyzed against distilled water for 48 hours on a rocking 
dialyzer and then diluted with water before mounting. It seems likely 
that this treatment resulted in some aggregation as well as breakage of the 
virus particles, for, as can be seen from the electron micrographs which ar 
shown in Fig. 1, there is considerable variation in particle length. This 
variation is greater than that which has been noted for untreated virus (7). 
However, the average length of the particles of the two strains obtained in 
purified form from tobacco and phlox plants is about the same. 

Elementary Analyses—For chemical studies, the purified virus prepara- 
tions were dialyzed against distilled water for 48 hours on a rocking di- 
alyzer, frozen, and dried in vacuo and then further dried to constant weight 
at 110°. The white fluffy material thus obtained was used for elementary 
as well as amino acid analyses. 

The elementary analyses were made by Dr. A. Elek of this Institute, 
using the customary micromethods (Table I). The respective values for 
carbon, hydrogen, nitrogen, and phosphorus agree fairly well with each 
other and also with those obtained in previous work (2, 11, 23). The 
results indicate that the four virus preparations possess about the same 


elementary composition. 
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Analyses of Aromatic Amino Acids—The procedures used by Knight and 
Stanley (10) were followed for the preparation of hydrolysates for tyrosine, 
tryptophane, and phenylalanine analyses. 20 to 40 mg. of virus were 
hydrolyzed in 0.4 to 0.8 ml. of 6 N NaOH by heating in sealed tubes in 
boiling water for 5 hours. ‘The hydrolysate was then made to 25 ml. with 
distilled water. Aliquots were used for the color tests. 

For the determination of the amino acids, the Bernhart micromethod 
was used for tyrosine, the Shaw and McFarlane glyoxylic acid procedure 
for tryptophane, and Block’s modification of the Kappeller-Adler reaction 


TABLE I 


Elementary Analyses of Ordinary and Rib-Grass Strains of Tobacco Mosaic Virus 
Produced in Phlox and Turkish Tobacco Plants 


Virus and source Carbon | Hydrogen = Nitrogen Ash 
phorus 

per cent per cent per cent per cent per ceni 

Ordinary strain in Turkish tobacco $9.07 7.00 0.48 15.86 1.86 
. ‘ Dhlox 50.30 6.81 0.53 16.73 1.78 
tib-grass “ Turkish tobacco 50.61 6.87 0.52 16.72 2.14 
” * phlox 49.26 6.74 0.65 16.48 2.30 

TABLE II 


Tyrosine, Tryptophane, and Phenylalanine in Ordinary and Rib-Grass Strains of 
Tobacco Mosaic Virus Produced in Phlox and Turkish Tobacco Plants 








Virus Tyrosine Tryptophane | Phenylalanine 
per cent per cent per cent 
Ordinary strain In tobacco 3.9 4.5 6.0 
phlox 3.9 4.5 6.0 
tib-grass - *“ tobacco 6.3 3.5 4.3 
phlox 6.5 3.8 +.4 


for phenylalanine as given by Knight and Stanley (10). The results are 
presented in Table II. 

The respective values agree with each other fairly well and also with 
values obtained by other workers (10, 24-26) except for tryptophane in the 
preparation of rib-grass strain virus obtained from phlox plants, which is 
about 0.3 per cent higher. The analytical variat ons of the Shaw and 
McFarlane glyoxylic acid procedure may account for the slight difference. 
Tests for histidine were made-and indicated that histidine was absent from 
the two tobacco mosaic virus preparations and present in the two prepara- 
tions of the rib-grass strain. 

Serological Reactions—Quantitative precipitin experiments were per- 
formed by Dr. Saul Malkiel of this laboratory to compare the serological 
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properties of the two virus strains obtained from tobacco and from phlox 
plants. It was found that antiserum to either the ordinary strain or thy 
rib-grass strain from either tobacco or phlox plants gave approximateh 
equal amounts of precipitate with the respective homologous virus antigens 
from tobacco or from phlox plants. However, when antiserum to either 
virus Was mixed with the heterologous virus antigens from tobacco or fron 
phlox plants, less precipitate was formed. A detailed description of the 
immunochemical study will be published by Dr. Malkiel 


DISCUSSION 


In so far as determined in the present study, the physical and chemical 
properties and serological reactions of the ordinary strain and the rib-grass 
strain of tobacco mosaic virus obtained from diseased phlox plants were 
found to be the same as those of the two respective strains obtained from 
diseased Turkish tobacco plants. This result confirms the previous 
observations of Loring and Stanley (14) on tobacco mosaic virus obtained 
from tobacco,and tomato plants and indicates clearly that the properties 
of these two virus strains are specific and are independent of the host in 
which they are produced. From a systematic standpoint, the phlox plant 
bears no close relationship to the Turkish tobacco plant since the former 
belongs to the family, Polemoniaceae, and the latter to the family, So- 
lanaceae. Chester and others (27) have shown that extracts of normal 
Turkish tobacco and phlox plants do not exhibit a serological relationship 
and hence that the normal proteins of these two plants differ. Yet th 
virus strains produced in these two different plants exhibit physical 
chemical, and serological properties that are ch 
strains of virus. The plant hosts, therefore, appear to have little or x 
effect on the nature of the virus produced in the host 

The initial demonstration of the nature of the changes in chemical 


iracteristic of the respective 


structure which can accompany the mutation of a virus with the formation 
of a new virus strain, which in turn causes a different disease, was made in 
this laboratory (10). In this and in later work it was found that the 
formation of new strains may be accompanied by changes in the relative 
amounts of certain amino acids present in the virus structure or by the 
introduction of entirely new amino acids into the virus structure. Al 
though there is a tendency for new strains to appear or to become dominant 
when a virus is grown in a new or unusual host, possibly because of the 
altered environment which is thus provided, the present work demonstrates 
that the ordinary and rib-grass strains of tobacco mosaic virus maintain 
their characteristic chemical structure and properties when grown ID 
phlox plants. The new host, which differs markedly from the Turkish 
tobacco plant, does not appear to cause a change in the chemical make-up 
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of the virus. On the other hand serological evidence obtained with 
purified preparations of influenza virus produced in chick embryos and in 
the lungs of mice indicates that a change in host results in a slightly different 
antigenic make-up. This change is, however, transitory in nature and 
does not persist when the virus is returned to the original host. In this 
respect, the change induced by the host appears to differ from that which 
presumably accompanied the formation of type B influenza virus from 
type A, or vice versa, or the formation of the 17D strain of yellow fever 
virus, since the structures characteristic of these strains have tended 
to persist with time. It is obvious that further work in the direction 
indicated by the results that have already been obtained on the nature of 
the chemical differences between strains of tobacco mosaic virus should go 
far towards the elucidation of the nature of virus mutation and reproduction 
and eventually provide significant information regarding the nature of 


n utation in higher organisms 


SUMMARY 

The ordinary and rib-grass strains of tobacco mosaic virus, which differ 
in biological, chemical, physical, and serological properties in a distinctive 
manner, have been produced in Turkish tobacco and phlox plants and 
prepared in purified form. Although the Turkish tobacco and phlox 
plants are unrelated and contain normal proteins which do not cross 
serologically, the two purified preparations of tobacco mosaic virus ob- 
tained from these unrelated plants were found to possess essentially the 
same biological, chemical, physical, and serological properties. Likewise 
the two purified preparations of rib-grass virus obtained from diseased 
Turkish tobacco and phlox plants were found to possess the same general 
biological, chemical, physical, and serological properties. Thus, two 
strains of tobacco mosaic virus, possessing different and characteristic 
properties, were found to maintain these different and characteristic 


properties when produced in unrelated hosts 
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EXPLANATION OF PLATE 4 


Fic. 1. Electron micrographs of the four purified virus preparations, following 
dialysis against distilled water. The mounts were prepared with gold by the shadow 
casting technique. The magnification is 11,600. 77, ordinary strain from Turkis 
tobacco; 7 P, ordinary strain from phlox; RT’, rib-grass strain from Turkish tobace 


RP, rib-grass strain from phlox. 
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THE COMPOSITION OF THE CHOLESTEROL ESTERS AND 
GLYCERIDES IN THE LIVER OF THE RAT* 


By R. G. SINCLAIR anp LOIS CHIPMAN 
(From the Department of Biochemistry, Queen’s University, Kingston, Canada 
(Received for publication, October 9, 1946) 

A fair amount is now known about the factors that affect the composition 
f two components of the liver lipides, the phospholipides and the tri- 
glycerides, although much remains to be found out before there can be a 
satisfactory understanding of how these factors operate. In this paper we 
are reporting the results of a study of the effect of dietary fat, elaidin, beef 
tallow, and corn oil, on the composition of the cholesterol esters deposited in 
the liver of rats fed cholesterol, as are revealed by the relative proportions of 
elaidic acid, saturated acids, and normal unsaturated acids. For compari- 
son, similar data were also obtained on the fatty acids of the liver tri- 
glycerides. Our investigation is a refinement and extension of that of 
Kohl (7), who studied the uptake of elaidic acid by the acetone-soluble 
lipides of the liver. After removal of the phospholipides from the mixed 
liver lipides by acetone precipitation, the cholesterol esters were separated 
from the triglycerides by selective enzymatic hydrolysis of the latter, 
according to the method worked out by Kelsey (5). 


EXPERIMENTAL 


Diets—Mature white rats were fed for about 4 weeks on a diet consisting 
of casein 28.4, salt mixture (8) 6.3, dried yeast powder! 14.4, cholesterol 
2.0, and either elaidin, beef tallow, or corn oil 48.9 per cent. On the basis 
of the results of Beeston, Channon, and Wilkinson (1), it was expected that 
the above diet would induce the deposition of fairly large amounts of 
cholesterol esters and only moderate amounts of glycerides. 

Isolation and Fractionation of Glyceride and Cholesterol Ester Fatty Acids 
The liver from each rat was ground with sand and boiled with several lots of 
acetone. The filtered extracts were evaporated on a steam bath with the 
aid of a stream of nitrogen, and the residue was taken up in ethyl ether. 
The phospholipides were removed by acetone precipitation without 
magnesium chloride. An aliquot of the solution of acetone-soluble lipides 
was removed for determination of the amounts of .total and free cholesterol 
by Kelsey’s method (4). 

The remainder of the acetone-soluble lipides was mixed in a glass- 

* Supported by a grant to one of us (L. C.) from the Banting Research Foundation. 

‘Northwestern Yeast Company, Chicago. 
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stoppered test-tube with buffer and pancreatic lipase, as prescribed by 
Kelsey (5). As a result of preliminary trials with elaidin, it was found 
necessary to replace the calcium chloride as activator by albumin (Wij. 
statter and Waldschmidt-Leitz (14) in order to achieve ( omple te hydrolysis, 

After incubation, the contents of the tube were rinsed with alkaline 4{) 
per cent ethyl alcohol into a separatory funnel and the neutral lipides wer 
extracted with petroleum ether. The soap solution was then acidified and 
the fatty acids derived from the liver glycerides were extracted with petro. 
leum ether. The neutral lipides were saponified and the fatty acids thus 
obtained were taken to be those present in the liver as cholesterol esters, 
Comparison of the weight of the latter with that calculated on the basis of 
the colorimetric determination of the ester cholesterol (0.73 times the total. 
free cholesterol) provided a measure of the completeness of the enzymati 
hydrolysis of the triglycerides. 

The glyceride and cholesterol ester fatty acids were then fractionated 
into “solid” and “liquid” fractions by means of the lead salt-aleohd 


method (11). 
Results 


The data on the amount of glyceride fatty acid and of total and free 
cholesterol in the livers of rats fed elaidin and beef tallow are given in Col- 
umns 2, 3, and 4 of Table I.2. These data show the high degree of indi- 
vidual variation that all who have studied the fatty liver problem seem t 
have encountered. In our case, for some obscure reason there was in addi- 
tion a consistent difference between the two series of rats fed on the same 
diet (compare Series I with III, and Series II with IV). In spite of the 
variability, there would seem to be little doubt that our data agree with 
those of Channon, Hanson, and Loizides (2) in showing that elaidin is less 
effective than beef tallow in inducing deposition of glycerides in the liver. 
It should be emphasized that a deliberate attempt was made in our case t 
limit the deposition of glycerides. We were obviously successful. In 
contrast to the glycerides, the amount of cholesterol deposited seems t 
have been about the same, regardless of the nature of the food fat. 

Columns 5 and 6 of Table I show, respectively, the calculated and actual 
amounts of fatty acid present as cholesterol ester in the liver of each rat 
In general the two values agree reasonably well. 

The data on the percentages and iodine numbers of the “‘solid”’ fractions 
of the fatty acids from the liver glycerides and cholesterol esters are givel 
in Table II. The data in Columns 4 and 7 have been calculated on the 
assumption that the mean iodine number of the unsaturated acids present 


* Only the amount of fatty acid present as glycerides and cholesterol esters Was 


determined in the four rats of Series V. 
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in the solid fraction is 90. The extent of the increase in the percentage of 
solid” unsaturated acids above the level found in controls has been taken 
to be a measure of the utilization of elaidic acid for the synthesis of lipides 
hy rats fed elaidin. 

‘In the first set of experiments (Series I and IIL) the lead salt-alcohol 
method that had previously been extensively used for fractionation of 


PaBLE I 


Lipide Content of Livers of Rats Fed High Fat Diets 


Free Cholesterol ester fatty 

» a Glyceride rotal Total acids per liver 

Series No. and tood fa fatty acids rolesterol halentevel 
x 100 Calculated Found 
(1) ; ‘ 5) 
¢ mn. per 10 4 7 
c gm. lsver 

I. Elaidin 1.92 3.03 10.0 265 218 
1.84 t.54 15.3 258 268 
>.05 1.8] 11.5 336 339 
| 1.35 3.48 13.2 221 229 
1.96 3.40 9.3 326 362 
II. Beef tallow 7.40 3.46 7.9 230 222 
6.8 361 342 
8 a) 1 63 6.0 {88 462 
10.2 193 204 
8.3 217 218 
IIT. Elaidir 0.52 3.72 5.8 581 680 
0.78 3.04 6.0 16] 370 
0.77 1.80 18.0 100 88 
0.33 2.26 10.3 190 197 
0.58 3.ae 13.6 392 367 
IV. Beef tallow 3.41 1.10 13.9 9] 99 
1.27 | .25 7.2 77 55 
1.93 0.86 23.2 16 69 
15.2 90 87 
78 » 28 15.5 96 94 


phospholipoid fatty acids was used exactly as prescribed (11). When 
applied to the fatty acids from the liver glycerides and cholesterol esters of 
rats fed beef tallow (Series II, Table II), the ‘‘solid’’ acid fractions were 
found to have rather high iodine numbers. This was especially true in the 
ease of the cholesterol ester fatty acids. Since solid unsaturated fatty acids 
were not likely to be present in rats fed tallow, it seemed evident that very 
appreciable amounts of lead oleate were being precipitated along with the 
lead salts of the fully saturated acids. 

The solid unsaturated fatty acid content of both the glycerides and cho- 
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lesterol esters in the livers of the rats fed elaidin was clearly 1 uch greater ] 

than in those fed beef tallow. There is therefore no room for doubt as t 

the presence of large amounts of elaidic acid. Neve rtheless, the high el 
xt 


TaB_Le I] 





( le ya ( le 
Series No. an 1 fat Total “‘solid”’ acids Solid . ‘ , 
a a ol 
. ho | | Iodine No acids® Pe N aci Se 
1) 2 4 ) 1 
gem per cent " per ce I 
I. Elaidin 53 59 35 55 71 43 | I 
44 53 26 08 7] 16 | en 
52 »» 32 5S { 14 aia 
19 1] 22 56 68 19 , 
51 50 28 56 72 15 we 
II. Beef tallow 14 16 8 33 39 14 an 
15 27 l4 19 22 5 to 
10 1] 5 38 27 ll | to 
39 16 7 7 50 2 . 
ol 
35 17 7 < ) 21 
, . a ~ an 
III. Elaidin 53 68 10 59 73 {8 an 
55 59 30 0 75 $2 cat 
18 54 29 51 67 38 har 
53 52 31 4 74 +4 
1) a7 32 47 71 37 
IV. Beef tallow 31 6 2 15 1 0.7 " 
23 } 2 15 2 0.3 
27 9 3 15 { 0.7 est 
3 g 3 H) 0.7 con 
34 10 22 3 0.7 | the 
V. Corn oil 20 13 3 11 5 2 | ua 
19 1 2 7 24 2 po 
25 31 9 1] | 1 + 
20 1 2 13 18 3 7 
Thu 
* Assuming the iodine number of the unsaturated acids in the solid fraction to | elai 
be 90. | 
‘ the 
, ; , ‘ , wor. 
values in the controls obviously cast serious doubt on the quantitative , 
. : . ° os » ° . aim 
accuracy of the method of estimating the amount of elaidic acid present. 
, ° 4] ; > Dye = a\° 1 | per 
On the basis of the observations of Hilditch and Priestman (3) it appeared | te 
: ' ot 
likely that the amount of lead acetate being used (6 mg. per 10 mg. of fatty cont 
acid) was too great, considering the relative proportions of saturated acids | sien 
and oleic acid in the mixture. Accordingly an extensive study was made of T 


the conditions that were necessary for a satisfactory fractionation of various 
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mixtures of fatty acids into “solid” (saturated) and “liquid” (unsaturated) 
fractions. Various experiments were also made with known mixtures of 
elaidic, palmitic, and oleic acids. It was found that the original conditions 
seemed to give a satisfactory fractionation into a solid fraction consisting of 
the elaidic and palmitic acids and a liquid fraction consisting of the oleic 
acid, except when the proportion of the latter was high, in which case a good 
leal of lead oleate precipitated out in the ‘‘solid” fraction. 

On the basis of these experiments, the following conditions were adopted 
for the fractionation of the fatty acids from three more groups of rats, 
Series III, IV, and V, Table II. The amount of lead acetate was reduced to 
5 mg. per 10 mg. of fatty acid and per 1 ml. of alcohol for Series III, and to 
3 mg. for Series [V and V. In the case of the cholesterol ester fatty acids 
from the rats fed beef tallow (Series IV), an additional modification was 
employed. After the primary fractionation, the insoluble lead soaps were 
acidified and the fatty acids were extracted, dried, and weighed. An equal 
weight of stearic acid was now added. The mixture was dissolved in alcohol 
and an equal weight of lead acetate was added. The volume was brought 
tol ml. per 10 mg. of fatty acids and the salts insoluble at + 15° were allowed 
toprecipitate. From the weight of the solid acids now obtained, the weight 
of the added stearic acid was deducted before calculation of the percentage 
andiodine number. As will be seen (Series IV, Table II), this latter modifi- 
cation appears to have given superior results and perhaps might better 
have been used for the fractionation of the fatty acids in Series V as well. 

DISCUSSION 

The data in Table II demonstrate very clearly that when cholesterol 
esters are deposited in the livers of rats the composition in respect to the 
constituent fatty acids is governed to a very large degree by the nature of 
the food fat. In this respect therefore the cholesterol esters behave 
qualitatively like the phospholipides and the glycerides of the liver. It is 
equally clear that there are certain outstanding differences in the degree to 
which the composition of their constituent fatty acids is affected by diet. 
Thus, in previous work (Sinclair (12)), it had been found that in rats fed an 
elaidin-rich diet for several months elaidic acid made up 26 + 3 per cent of 
the fatty acids in the phospholipides of the liver. As shown by the present 
work, the solid unsaturated acids, which can, we believe, be regarded as 
almost exclusively elaidic acid in the animals fed elaidin, made up 22 to 40 
per cent of the glyceride fatty acids and 37 to 48 per cent of the cholesterol 
ester fatty acids in the liver. In every individual liver, the elaidic acid 
content of the cholesterol ester fatty acids was higher than that of the 
glycerides. 

The data bear out still another difference between the phospholipides of 
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the liver, on the one hand, and the glycerides ana ¢ holeste rol esters on the 


other. In earlier work (10 it was found that the percentage Ot saturate 


acids in the phospholipides was quite constant, regardless of the type of die 


4 


fed. Che only exception that has been observed is in the rather specia 


ii 


ease when elaidic acid is fed (Sinclair and Smith (13 In so far as th 
liver is concerned, this constancy has been confirmed by Nunn and 
Smedley-MacLean (9). By subtracting Column 4 from Column 2 and 


Column 7 from Column 5 (Table IL), one can caleulate the saturated acid 


content of the olycerides and cholesterol esters, re per tively. In the case of 


) 


the glycerides, the values range between 13 and 27 in the rats fed elaidin 


between 21 and 36 in the rats fed beef tallow, and between 16 and IS in thos 


fed corn oil. The comparable ranges in the saturated acid content of th 
cholesterol esters are 8 to 14, 14 to 27, and 5 to 10, respective Ly ‘| hus, iti 


very evident that the relative proportions of sat irated and unsaturated 


acids In the glycerides ana cholesterol esters are \ rinble ind are influenced 


by the diet fat. 


It is interesting tnat, in contrast t » elaidic 1cld, the percentage OL Tully 


saturated acids In the cholesterol esvers Was less than in the gly: erides: this 


was found in every animal, regardless of the diet. Indeed, our data indicat 
that, on the average, the percentage of saturated acids in the mixture 
fatty acids esterified with cholesterol is about 60 per cent of that in the 
glycerides. According to Kelsey and Longenecker 6), the cholester 
esters in beef plasma contain only 15 per cent ol saturated acids in contrast 


to 56 per cent in the glyce ides 


SUMMARY 


Rats were fed for several weeks on diets containing 2 per cent holester 
and 49 per cent of either elaidin, beef tallow, or corn oil. By selectiv 
enzymatic hydrolysis of the glvcerides, followed by alkalin hydrolysis 
the cholesterol esters, the fatty acids of the two components were obtaine 
separately. These acids were fractionated bv the lead salt-aleohol method 
into solid and liquid fractions 

The cholesterol esters always contain a lower percentage of tully saturate 


both it varies wi 


+) 


acids than the glycerides in the same liver, though in 
diet. In the rats fed elaidin, elaidic acid makes up a higher percentage 


total acids in the cholesterol esters than in the glycerides. 
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sPECTROPHOTOMETRIC STUDIES OF THE ROE METHOD FOR 
THE DETERMINATION OF DEHYDROASCORBIC ACID 


By RENE A. BOLOMEY anv A. R. KEMMERER 


(From the Department of Nutrition, Unive rsily of Arizona, Tucson 
Received for publication, November 18, 1946 


In a recent Letter (1) we reported that glacial acetic acid could be sub- 
stituted to advantage for the 85 per cent sulfuric acid in the Roe method 
9 3) for the determination of dehydroascorbie acid. Since then we have 
been in a position to compare the absorption curves of the derivatives 
obtained from citrus juices and crystalline ascorbic acid dissolved in sul- 
furic acid with those dissolved in acetic acid. Our data are presented 


helow. 


EXPERIMENTAL 


10 ml. of fresh citrus juice were diluted with an equal volume of 6 per cent 
metaphosphoric acid, made up to 100 ml. with either 10 per cent tri- 
chloroacetic acid, 10 per cent glacial acetic acid, or water, and filtered through 
teeve Angel No. 802 paper. 50 ml. portions of the acidified samples were 
then oxidized by shaking for a few minutes with 1.5 gm. of acid-washed 
norit A (2) and the aqueous samples with bromine. The charcoal was 
removed by filtration and the excess bromine by aeration on a 50° water 
bath. Aliquots containing 10 to 40 y of ascorbic acid (0.5 ml.) were 
made to 4 ml. with water and | ml. of a 2 per cent solution of 2,4-dini- 
trophenylhydrazine in 9 N sulfuric acid was added. The samples were 
incubated at 37° for 3 hours, then dissolved in 5 ml. of 85 per cent sulfuric 
acid or glacial acetic acid. Solutions of ascorbic acid were similarly treated 
for comparison. Samples that were not oxidized were protected from 
oxidation by means of thiourea, as suggested by Roe and Kuether (2). 
The absorption spectra of the resulting solutions contained in 1 cm. sq. 
Corex cells were determined on the Beckman quartz prism spectrophotom- 
eter against blank solutions containing all the reagents used in the prep- 


aration of the sample. 


DISCUSSION 
The absorption maximum of the derivative obtained from dehydro- 
ascorbie acid (Fig.1) is located at 510 to 520 mu in sulfurie or acetic acid. 
The ratio of the extinction values at the maximum is about 1.3:1 in 
lavor of acetic acid. Thus at the wave-length of maximum absorption 
acetic acid gives the more sensitive reaction. The reverse is true (1) if the 
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Evelyn colorimeter is used with the 540 mz filter. This is to be expected 
from the shape of the absorption curves on the visible side of the spectrum 

With citrus juices the method used for the oxidation as well as the solven; 
employed to dissolve the dinitrophenylhydrazones plays an important 
part in determining the shape of the absorption curve (Figs. 2 and 3 
When sulfuric acid is employed as the solvent and norit A as the oxidizing 
agent, the curves are characterized by a maximum at 425 to 435 mu and, 
maximum or inflexion at about 520 my (Curves 2and 3). When bromine js 
the oxidizing agent, there is an additional band at 480 mu (Curve 1). Ip 
acetic acid the curves show a distinct band at 460 to 470 my and a hump at 
about 510 mu. From Figs. 2 and 3 we can readily see that bromine oxida 
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Fic. 1. Absorption curves of bis-2,4-dinitrophenylhydrazone of dehydroascor 
bie acid (Curve 1) in acetic acid and (Curve 2) in sulfuric acid 


tion results in a greater distortion (Curve 1), and that oxidation by means 
of norit A and acetic acid produces a lesser though marked distortion 
the absorption curve (Curve 3). This distortion is apparently dependent 
on the presence of a substance that is easily oxidized to give a product that 
reacts with dinitrophenylhydrazine. The ratio of Emax. of this band t 
that dependent on the dehydroascorbic acid derivative varies greatly and 
seems to be dependent on the sample and on the method or extent @ 
oxidation. 

A study of Fig. 4 reveals that the interference produced by the 430 my 
band in sulfuric acid and the 460 my band in acetic acid is not great at 5ll 
my. If from the absorption Curve 1 of a dinitrophenylhydrazone of 8 


sample previously oxidized by means of norit A and acetic acid we subtrac 
the absorption Curve 2 of the dinitrophenylhydrazone of the fresh unox: | 
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This last curve should correspond to that 


Curves 3 and 4 of Fig. 4, 


dized sample, we obtain Curve 3. 
of the dehydroascorbic acid derivative (Curve 4). 
4 and 4, C are in good agreement and were obtained on the juice of the 
same orange. The corresponding curves in Fig. 4, B and 4, D were obtained 
on another sample that had stood for some time and showed a marked 
deviation from that expected on the ultraviolet side of the band and good 
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Fig. 2. Absorption curves in sulfuric acid of 2,4-dinitrophenylhydrazones from 
orange juice (Curve 1) after oxidation with bromine, (Curve 2) after oxidation with 
norit A in the presence of trichloroacetic acid, and (Curve 3) after oxidation with 
norit A in the presence of acetic acid. 

Fic. 3. Absorption curves in acetic acid of 2,4-dinitrophenylhydrazones from 
orange juice (Curve 1) after oxidation with bromine, (Curve 2) after oxidation with 
norit Ain the presence of trichloroacetic acid, and (Curve 3) after oxidation with 
norit A in the presence of acetic acid 
agreement on the visible side. Similar results were obtained on lemon 
and grapefruit juices. 

Penney and Zilva (4) have shown that the dinitrophenylhydrazones of 
dehydroascorbic acid and of reductones form at different rates and have 
made this the basis for a modified Roe method that should give more 
Although their results are highly significant, we wish to 
The absorption curves 


accurate values. 
present data that add a further complication. 
shown in Fig. 5 were obtained on fresh lemon juice oxidized by means of 


norit A in the presence of trichloroacetic acid. Curves 1 and 2, respect- 
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ively, were obtained after 15 minutes and 3 hours incubation at 37°. It is 
quite apparent that in the 3 hour period a great deal of interference that 
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Fig 4, Absorption curves of 2,4 dinitrophenylhydrazones ol dehydroascort 


acid and of orange juice. A and Bin acetic acid and C and D in sulfuric acid. Th 


curves are explained in the text 
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Fia. 5. Absorption curves of 2,4 dinitrophenylhydrazones of lemon juice after 


(Curve 1) 15 minutes and (Curve 2) 3 hours incubation at 37 The samples wer 


dissolved in sulfuric acid (A) and in acetic acid (B 


not present at the 15 minute interval developed. Thus it appears that 
various interfering substances react at different rates, and that conditions 


of temperature and time of incubation are quite critical. 
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SUMMARY 


The absorption curves of the dinitrophenylhydrazones of dehydroas- 
eorbic acid and of citrus juices have been studied in 85 per cent sulfuric and 
in glacial acetic acids. 

Sulfuric acid, although it tends to cause charring of the solutions, pro- 
vides a better differentiation among the various maxima than does acetic 
acid. Thus the sulfuric acid reagent may be better than acetic acid when 
an ordinary colorimeter is used, but when a spectrophotometer with a 
fairly narrow slit width is available, glacial acetic acid appears to be more 
practical. When either solvent is employed, it is necessary to use the 
unoxidized or the reduced extract as a blank or to subtract such a value 
from that of the oxidized extract. 

It is our feeling that more work is necessary on the oxidation procedure, 
and that the kinetics of the reaction producing the dinitrophenylhydrazones 
of dehydroascorbie acid and of interfering substances should be further 
studied. Moreover, when new products are to be examined by this method, 
absorption curves should be determined on a few random samples, as was 
done in Fig. 4 in order to determine the type of interference present. 
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The activation of molecular hydrogen by suspensions of bacteria was 
discovered in 1931 by Stephenson and Stickland (1), who found that meth- 
ylene blue was reduced by hydrogen in the presence of suspensions of 
Bacillus coli. An active cell-free extract has since been obtained by Bovar- 
nick, through autolysis of Bacillus coli (2). 

The microbiological activation of hydrogen has been investigated by two 
main methods: (a) the hydrogenation of various substrates (H, + X — 
XH,) and (b) the exchange reaction between heavy hydrogen and normal 
water (D. + H,O — HD + HDO).' Presumably in both types of reaction 
some kind of activation of the hydrogen molecule occurs, and it seems justi- 
fied to reserve the name hydrogenase for that part of the bacterial enzyme 
complex which is responsible for the. activation of molecular hydrogen. 
This activation may be accompanied or followed by further processes, 
catalyzed by other parts of the enzyme system. The exchange reaction 
(b) is simpler than the hydrogenation reaction, since it does not involve 
the activation of an acceptor molecule. 

Catalytic hydrogenations in the presence of various species of bacteria 
have been reported, but no hydrogenase has as yet been isolated. The 
bacteria studied include Bacillus coli (1, 4-6), Bacillus acidi lactici (7), 
Proteus vulgaris (8), Bacillus lactis aerogenes (8, 6), Bacterium freundit, 
Bacterium dispar (7), some luminiscent bacteria (9-11), Clostridium sporo 
genes (12), Azotobacter (13-17) (from which Wilson et al. obtained a cell-free 
preparation by means of a bacterial mill (14)), Bacillus delbrueckii (4), a 
species of methane-producing bacteria (18), and some purple bacteria (19). 
The exchange reaction has been investigated in the presence of the first 
three species mentioned above (20—22).? 

The acceptors used in the hydrogenation experiments included methylene 
blue, nitrate, sulfate, sulfite, thiosulfate, carbon monoxide (18), carbonate, 
hydrogen peroxide (24), oxygen, various amino acids (12), and, to a lesser 
extent, various aldehydes, alcohols, and carboxylic acids (12, 18). 

‘The para-ortho conversion of hydrogen in the presence of Bacillus coli has also 
been investigated (3 

*A preparation of succinic dehydrogenase has also been found to catalyze the 
exchange reaction (23). 
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Some colored bacteria, e.g. Rhodovibrio, and some algae, e.g. Scenedesmus 
catalyze the photochemical reduction of carbon dioxide by hydrogen 
(25, 26). 

Previous investigations have dealt either with the hydrogenation or with | 


the exchange reaction. The experiments described in this paper were 


undertaken in order to compare the two processes when they occur in the ' 
presence of the same bacterium under comparable conditions. , 
EXPERIMENTAL . 

Suspensions of Proteus vulgaris, which Hoberman and Rittenberg haye 
shown to be particularly active (8), were used throughout this work: | 
The hydrogen acceptor used in the hydrogenation experiments was jp 
general 0.05 m sodium fumarate. Light and heavy hydrogen were pre. | 
pared by electrolysis of normal and heavy water respectively and wer | 
purified by diffusion through a hot palladium tube. 

The broth used had the following composition (cf. Hoberman and | 
Rittenberg (8)): 0.5 per cent concentrated yeast extract, 0.5 per cent 
glucose, 2 per cent Bacto-peptone (Difco), and 0.5 per cent NaCl. The | 
stock culture was transferred to fresh broth about every 3 weeks. For | 
each series of growth the bacteria were transferred three times throug 
broth and then inoculated into 1 liter Erlenmeyer flasks containing broth | 
and 2 per cent agar-agar. 24 hour cultures (37°) were washed out of the 
flasks with 0.85 per cent NaCl solution, washed thrice by centrifugation 
and suspended in M/15 neutral phosphate buffer. Each flask yielded about 
10 to 35 & 10'® cells. The suspensions were diluted to a concentration d 
about 10'° cells per cc. (measured photometrically) and kept at 0°. Under 
these conditions they retained their activity for several weeks, irrespective 
of the ratio of viable to dead cells. In one case a decrease of only 30 per | 
cent in activity was observed after 5 weeks storage. Similar results have} _ me: 
been reported with some bacterial dehydrogenases (27, 28), with the | 
exchange-catalyzing enzyme of Bacillus acidi lactici (22), and with the ves 
Knallgas activity of Azotobacter (14). Experiments were generally carrie ete! 
out during the Ist week or 2 of storage. 5 

\ 
Apparatus in f 

All experiments were carried out in vessels of 25 to 35 cc. capacity under | and 
hydrogen pressures of 50 to 250 mm. of Hg and at 37°, unless otherwis | pert 
stated. 4 to 6 cc. of liquid were introduced into each vessel, made up af T 
the suspension (1 to 3 ec.), buffer, and, in the appropriate cases, sodium, mea 
fumarate and inhibitor solution. The vessels were thoroughly evacuated time 

3 We are indebted to the Department of Bacteriology and Hygiene for rendering os | 

' micr 


possible the preparation of the cultures. 
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through a liquid air trap. Hydrogen was then introduced at the desired 
pressure. Shaking took place at a frequency of 150 to 200 full strokes per 
minute through a 1 inch stroke. The bottom of each vessel was indented 
at several points in order to insure better mixing of the liquid with the gas. 

Manometric measurements of the hydrogenation reaction were carried 
out simultaneously in seven reaction vessels, each of which was connected 
to a separate manometer dipping into a common mercury reservoir. The 
manometers were read by a cathetometer with an accuracy of 0.05 mm. 
The general arrangement is shown in Fig. 1, A, in which only one vessel is 


shown for the sake of simplicity. The pressure changes in the reaction 
Dp AND fp 
RESERVOIRS 
— os TO PUMPS 
a See ey — -—— AND 
4 \, 70 a CONDUCTIV 
vi slain i S iS ee 
————— . 
} PUMP — & 
( \\ 
| 
oy | 
CONNECT ION 





Fic. 1. A, apparatus for measuring the rate of hydrogenation. B, apparatus for 
measuring the rate of the exchange reaction 


vessels were obtained by comparing the readings of the respective manom- 
eters with that of a manometer connected to an eighth vessel containing 
dec. of water. 

Measurements of the exchange reaction were performed simultaneously 
in four reaction vessels. These were connected to mercury manometers 
and to the high vacuum line by spirals of narrow glass tubing in order to 
permit rapid shaking (Fig. 1, B). 

The rate of exchange between heavy hydrogen and normal water was 
measured by determining the deuterium content of the gas from time to 
time. Samples of gas amounting to 0.1 per cent of the total volume of 
gas were withdrawn by means of a capillary lock L and analyzed by the 
micro conductivity method (29). 








790 ACTIVATION OF HYDROGEN BY PROTEUS 


The heavy hydrogen used was in equilibrium with regard to the reactioy 


H, + D. <= 2HD and contained about 50 per cent deuterium. , 
Zz | , : 
os I 
ce 4 > , 
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Fic. 2. The rates of hydrogenation with suspensions which had been shaken ag | 
37° for 2 hours with air (Vessel 1), with hvdrogen (Vessel 2), and in vacuo (Vessel 3 
prior to the commencement of the measurements Re 
uJ 
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Fic. 3. The decrease of the hydrogen pressure with time at various temperatures je 
Initial pressure, 250 mm. of Hg, 1.5 XK 10" cells 
wh 
Results | hy 
No change in pressure was observed when suspensions of bacteria wer . 
: . ; | in 
shaken with hydrogen in the absence of any acceptor. 
(a) Pressure-Time Graphs—During the hydrogenation experiments the | 
: ‘ ‘ . ‘ 9; me 
pressure in each vessel was measured every 20 to 30 minutes during 2 to: | 
| gas 


hours. On plotting the decrease in pressure against time, straight line | 
were obtained (Figs. 2 and 3). If the slope of these lines, S, is expressed} (J 


in mm. of Hg per hour, then the volume of hydrogen at normal temperatur -e 


and pressure taken up per hour is given by the expression V(S/760 bel 
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action (273/310) cc. where V is the volume occupied by the gas. (The dissolved 
hydrogen constitutes only about 0.2 per cent of the total quantity of hydro- 
gen present.) For the sake of brevity we shall denote this expression 
by Ru. 


The rates of hydrogenation in six vessels containing equal amounts of 
suspension are given in Table I. 

If the straight lines obtained on plotting the pressure decrease against 
time are extended backwards, they cut the time axis at times ¢’ varying 
between 5 and 60 minutes, the actual value of ¢t’ depending primarily 
on the treatment of the suspension previous to the commencement of the 
experiment. ‘The normal value of 15 to 25 minutes was not affected by 
previous shaking of the suspension in vacuo. On the other hand, shaking 
with hydrogen caused an appreciable decrease in the value of t’, even if the 

/ suspension was subsequently allowed to come into contact with air for a 
aken at | 
sel 3 TABLE [ 
Rates of Hydrogenation in Parallel Vessels Containing Equal Amounts of Suspension, 
before and after Latter Had Been Kept for 12 Hours at 37°, at Hydrogen Pressure 
of 140 Mm. of Hg 


Vessel No 1 2 3 4 5 6 Mean 


Rx, cc. per hr.* 0.247 | 0.264 | 0.250 | 0.262 | 0.245 | 0.249 | 0.253 
“ after 12hrs.,cc. perhr.*t.| 0.396 | 0.415 | 0.350 | 0.342 | 0.358 | 0.324 | 0.364 
% increase 60 57 40 30 45 30 43 


* Normal pressure and temperature. 
t Fresh fumarate and hydrogen were added before the measurement of these rates. 


short time. Shaking with air increased the value of ¢’ to about an hour, 
besides causing a decrease in the activity of the preparation (see (7) below). 
Fig. 2 shows the effect of the three treatments mentioned. 

A rather slow transition of the enzyme system from aerobic to anaerobic 
conditions and vice versa may be responsible for this behavior. A some- 
what similar phenomenon has been investigated in detail in the case of the 
hydrogenase system of green algae (26). Hoberman and Rittenberg 
| assume that such a transition occurs in the case of the exchange reaction 


atures 


a were : 
in the presence of Proteus vulgaris. 


ts the (b) Decrease of Deuterium Content of the Gas with Time—The experi- 
2 to3 mental relation between the ratio of deuterium to total hydrogen in the 
gas (D) and time ¢ was found to be 


t lines | 

reset l logie (D) = —kt +c 

rature ” . . 

> ne where & and ¢ are constants (cf. Figs. 4 and 11). For reasons explained 
i 


below, the product defined by Ry = 2.3 kV, (where V¢ denotes the total 
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~J 
‘a 
Jo 
bh 


quantity of gas present, expressed in cc. at N.T.P.) May serve as a measur 
of the rate of activation of hydrog n molecules on the cataly st. 

The value of Rg was measured with an accuracy somewhat less than tha: 
obtained for the value of ?y by the simple manometric method. Deviations 
between the rates of the exchange reaction measured in parallel vesgels 
may reach 10 per cent. 

c) Influence of Growth Conditions—It was found that the hydrogenatiog 
activity of the bacteria could be increased by 50 to 200 per cent by adding 
1.5 per cent fumarate to the broth through which the bacteria were trans. 
ferred. This has been verified by comparing the activity of parallel 
growths, with and without the addition of fumarate. In different eeries of 
growths large fluctuations of the hydrogenation activity were observed 
(see the third column, Table IV). On the other hand the activity wit 
regard to the exchange reaction was practically the same in all Cases, and 
was not affected by the presence of fumarate during growth. This stimula. 
tion of the formation (or activation) of the fumarate-activating part of th 
enzyme system suggests that we have here a case of a so called semiadaptiy 
enzyme (30). 


. , ' , a 
(d) Influence of Prolonged Contact with Hydrogen—It was found that 


storing the suspension in an atmosphere of hydrogen for 8 to 12 hours at 


37 prior to the commencement of the experiment caused an increase 

30 to 60 per cent in both the hydrogenation activity (Table 1) and th 
exchange activity of the suspensions. This treatment had the same effect 
on cells which had been stored for a month at 0°. The addition of fumarat 
previous to the above treatment was without influence on the increase in 
activity. Storing the suspension in vacuo for 8 to 12 hours at 37° did not 
affect its activity, suggesting that the rise in activity is not due to causes 
f the cell walls. Th 


such as partial lysis or a change in the permeability « 
turbidity of the suspensions measured photometrically) did not chang 
during this activation. 

\ somewhat similar increase of the reaction rate has been reported by 


van Niel in the case of the photochemical reduction of carbon dioxide by 


hydrogen in the presence of colored bacteria ((25), p. 301). 
(e) Effect of Temperature—For reasons explained below (‘‘Iinetics’ 


these experiments were carried out with relatively high hydrogen pressures 
(200 to 250 mm. of Hg), and at each te mperature simultaneous experi 
ments were carried out with varying numbers of cells. The velocity coi 
stants at various temperatures were calculated from the slopes of the graphs 
of the decrease of pressure or deuterium content against time (Figs. 3 and 
1). The apparent energies of activation of both reactions were calculated 
from the slope of the log Ri or log Rg against 1/7 lines Figs. 5 and 6 


Tables II and III). In these experiments the reaction rate was measure 
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first at the lowest temperature and then at progressively higher tempera- 
tures, the same bacteria being used at all temperatures. Values of about 


\ 
ee . 
» * ° 


~ 4 4° , 36.4 
0 0 £0 120 160 20 
MINUTES 


Fic. 4. The decrease of the deuterium concentration in the gas, (D), with time at 


various temperatures. Initial pressure, 150 mm of Hg, 1.5 & 10” cells 
— 


* 


© 





320 324 (32833 Tl y49? 
Fic. 5 Fic. 6 
Fic. 5. The effect of temperature on the rate of hydrogenation. The numbers of 
cells used were: 1 X 10 in Vessel 1, 1.5 X 10” in Vessels 2 and 3, and 2 X 10" in 
Vessel 4 
Fic. 6. The effect of temperature on the rate of exchange Rx 








15.0 kilocalories were thus obtained both for the hydrogenation and for the 
exchange reactions. In other experiments, in which a fresh suspension 
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(but from the same batch) was used at each temperature, a value of only 
about 14.0 kilocalories was found for the hydrogenation reaction. The 
difference between this value and the one mentioned above IS probably due 
to the effect described in (d) , 


TABLE II 


ipparent Energy of Activation of Hydrogenation Reaction at Various Cell Number 
and Hydrogen Pressure of 250 Mm. of Hg, Temperature Range 25-40° 


Vessel N Ry at 40° No. of cells X 107% ner of 
cc. per hr.t ktlocalorie 
l 0.43 1.0 15.5 
2 0.44 1.0 14.4 
3 0.69 1s 15.4 
} 0.67 1.5 14.9 
5 0.94 2.0 15.6 
6 1.00 2.0 15.5 
Mean 15.2 


* These reaction rates are given in order to show that the proportionality of th 
Ry to the cell number is maintained even at the highest temperature 


t Normal temperature and pressur 


TaBLeE III 
Efe cl of 7 mperature on Rate of Exchayr ge, Re, with Varying Cell Numbe al H ydroge 
Pre SSure of 150 Un of H ] 


Temperature Rg with 1.5 X 1 ells Rp with 3.0 X 10" cells 
°C per hr.* ger bv* | 
26.0 0.14 0. 2s 
31.0 0.20 0.38 
36.4 0.35 0.63 
41.9 0.43 0.72 


Apparent energy of activation 


kilocalorse kilocalortes 
15.5 12.9 
* Normal temperature and pressure 
\ n 
~\ ° . . . { 
(f) Effect of Hydroge n Pressure Experiments were carried out in parallel | 
vessels at different pressures under otherwise identical conditions. The | 
values of Ry and of Reg were found to rise with increasing pressures of total 


hydrogen, P, in accordance with the equations lo 
2 Ry = CP" as 


2,a Rz = C'F* m 
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where C, C’, n, and n’ are constants. The values of n and n’ are obtained 
from the slopes of the graphs of log Ry and log Rg against log P; such 
graphs are shown in Figs. 7 and 8. Equation 2, a is seen to hold only for 
pressures above about 50 mm. of Hg. Table IV gives the values found for 


Ya 
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Fic. 7. The dependence of the rate of hydrogenation Ry on the hydrogen pres- 
sure P. 

Fic. 8. The dependence of the rate of exchange Rg on the hydrogen pressure P. 
At 30 mm. of Hg Rg = 0.015 ce. at N.T.P. per hour 


TaBLe IV 
Effect of Hydrogen Pressure and Cyanide on Rate of Hydrogenation with Bacteria 
Differing in Hydrogenation Activity (the Latter Represented 
by Ry at 100 Mm. of Hg) 


Ry after aerobic 


; incubation with 

Series of growth No. of cells X 1071 Ry at 100 mm. Hg* n (Equation 2) cyanide, 0.005 m, 
per cent of 

original Ry 


ce. per hr | 
8 0.02 
7) 0.08 0.10 64 
3\ 10 0.14 0.15 | 40 
4) 0.17 0.18 30 
5 | 0.24 0.41 15 
2) 0.33 | 
5 0.4 0.09 0.37 


* Normal temperature and pressure. 


n in experiments with bacteria from’ different series of growth, having 
different hydrogenation activities. A hydrogen pressure of 100 mm. of 
Hg was chosen as the standard pressure for comparing the various activities. 
The values of Ry at this pressure were obtained from the log Ry versus 
log P lines. 

In the experiment presented in Fig. 8 the value of Rg at 30 mm. of Hg was 
as low as 0.015 cc. per hour at N.T.P. From this and similar sets of experi- 
ments values of 0.4 to 0.5 were found for n’. Polanyi and coworkers, 








——— 
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using racillus acidi lacti i, showed that n’ had a value of 0.5 over & Wide 


ranve {) pre SSUTCS 22). 
gy k CL oJ / imarate Caoncent alio? oO? Rate of H ] Og nation Ry is 
independent of the fumarate concentration above M/SO (Fig. 9) 


] 


End-Point of Hydrogen Uptale—The total hydrogen uptake did not 
amount to more than 60 to 65 per cent ol the fumarate Initially present, 
even when most of the cells had lost their viability after a month of 
storage at 0°). The reason may be reduction of the fumarate by cel] 


material or fermentation of the fumarate according to the scheme 





7 fumarate” + 2H.O 6 succinate” + 2HCOQO,’ + 2CO 
Both reactions have been observed (1, 9, 5, 31). The formation of smal] 
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Fic. 9. The dependence of the rate of hydrogenation on t 


fumarate 


Fic. 10. The rate of uptake of oxygen in the absence of hydregen (Vessel 1, Po, = 
12 mm. of Hg), and the rate of the Anellgas reaction at Pu, 230 mm. of Hg and 
Po, {mm. of Hg (Vessel 2), 8mm. of Hg (Vessel 3), and 12 mm. of Hg (Vessel 4 


quantities of carbon dioxide would not interfere with the manometne 
measurements, since the solution is strongly buffered at pH 7. 

(2) Hydroge nation of Otl er Substrates—( miy a few substrates of particular 
Maleate is 
hydrogenated at least 20 times more slowly than fumarate, possibly via 4 
The rate of hydrogenation of freshly pre- 


interest in connection with the present work were investigated. 


slow conversion to fumarate. 
pared solutions of malate does not differ from that of fumarate, indicating 
the presence of fumarase which rapidly dehydrates the malate to fumarate 
Similar results have been reported with other bacteria (9). Carbonate 1s 
hydrogenated at about one-fifth the rate of fumarate. 

The Knallgas reaction was carried out under partial pressures of oxygen 
amounting to 1.6 to 4.8 per cent of the hydrogen pressures. In all cases the 
reaction rate fell off with time, in accordance with the results reported with 


other bacteria (1, 9), and with algae (26). As the partial pressure 0 
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oxygen is raised, the reaction rate rises up to a constant value, which is 
reached at a partial pressure of oxygen of about 8 mm. of Hg (Fig. 10). 

(j) Effect of Various Inhibitors—Shaking the buffered s ispensions with 
air at 37° for 2 hours prior to the commencement of the experiments lowered 
their catalytic activity with regard to both reactions to about half its 
original value (Fig. 2). The activity could be partly restored by the 
addition of hydrosulfite or by prolonged shaking with hydrogen. The 
addition of succinate had no restoring effect. 

Hoberman and Rittenberg found that hydrosulfite, succinate, and other 
reducing anions restored the exchange activity of suspensions which had 
been previously inactivated by shaking with oxygen for 24 hours (8). 

The usual technique adopted for testing the effect of inhibitors was to 
incubate the buffered suspensions aerobically or anaerobically (7.e. in an 
atmosphere of hydrogen) with the respective inhibitor solution for 30 to 120 
minutes at 37°. In the first case allowance was made for the inactivation 
due to the aerobic incubation itself by making simultaneous blank experi- 
ments. The results of the relevant hydrogenation experiments are sum- 
marized in Table V. 

The retarding effect of cyanide presents some special features. When 
added under anaerobic conditions, no effect was observed even after several 
hours at concentrations as high as M/60. On the other hand, if added 
aerobically, a retarding effect was observed with both reactions. The Rs, was 
always reduced to about 15 per cent of its original value (at a cyanide con- 
centration of 0.005 m), whereas the extent of the retardation of the hydro- 
genation reaction depended markedly on the hydrogenation activity of the 
bacteria (cf. the last column of Table IV). Hoberman and Rittenberg (8) 
reported a complete inhibition of the exchange reaction by aerobic cyanide 
at 0.001 M, and no effect of anaerobic cyanide at 0.01 mM. The photochemi- 
cal hydrogenation of carbon dioxide in the presence of colored bacteria has 
also been shown to be inhibited only by cyanide added aerobically (25). 
Gaffron, working with algae, found that the adaptation of the enzyme 
system to anaerobic conditions was inhibited by concentrations of cyanide 
too small to influence the photochemical hydrogenation appreciably (26). 

Aerobic incubation with 0.2 m fluoride reduced the Rg to 60 per cent of its 
original value. Lower concentrations had no effect. Hydroxylamine, 
added aerobically at 0.1 and 0.05 m reduced the Rs to 15 and 20 per cent 
respectively. Wilson and Wilson report similar results with Azotobacter 
for the Knallgas reaction even at 0.01 m (17). Gaffron, investigating the 
photohydrogenation of carbon dioxide in the presence of algae, found that 
hydroxylamine added anaerobically had only a comparatively slight 
inhibiting effect even at about 0.02 m, whereas when added aerobically it 
caused total inhibition even at 0.001 m (26). 
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These 
experiments were carried out in four parallel vessels; two of the vessels con. 
tained fumarate and all four contained the same quantity of buffered sys. 
The rate of decrease of the deuterium content in all four vessels 


\fe) Expe ruments on Simultaneous Hydroge nation and Exchange 


pension. 
and the rate of hydrogenation in the vessels containing fumarate were 





TABLE \ 
Effect of Various Inhibitors on Rate of Hydrogenation 
The time and type of incubation with the inhibitor (aerobic or anaerobic) had no 
influence on the inhibiting effect, unless stated otherwise. 
inhibitor ina iit Per 
Inhibitor oncentra Inhit concentration cent of 
tion é a lieuid rigina 
liquid Ry 
uw 
Malonate 0.1 100 Bromine* 4X 10M () 
Succinate 0.1 100 8 <X 10°* ‘ 57 
0.2 80 2X 10° * 70 
Fluoride, 2 hrs. aerobic 0.03 80 | Urethane 0.4 M $7 
incubation 0.2 95 
0.1 ° 100 
0.06 70 | 2,4-Dinitro 3 X 10°? 70 
phenolt 
Fluoride, no incubation 0.06 90 ” 1.5 X.10°? uM | 100 
Hydroxylamine, Series 4} 0.05 15 AgNO, l 10-3 m 0 
0.1 15 | Carbon mon 70 %§ 12 
oxide in 
dark 
“gt 0.1 95 “ 50 % 24 
30 % 95 


* The suspension was incubated with the bromine solution for 20 minutes. 


bromine was then neutralized with thiosulfate. The blank experiments were incu- 


bated with neutralized bromine solution. 
t This substance strongly inhibits the photoreduction of CO, by Hz, in the pres 


ence of algae (26). 


The 


t The respective activities of the bacteria in the two series are given in Table IV 
§ Concentrations are expressed as per cent of the total gas pressure (i.e. H, + CO 


measured. 


Bacteria from different series of growth, differing in their 


In all cases the value of Rg was 





hydrogenation activity, were examined. 
lowered by the addition of fumarate (Fig. 11). 
marized in Table VI, from which it can be seen that as the hydrogenation 
activity of the bacteria decreases the effect of the addition of fumarate on 
the value of Rg diminishes, until for very low values of the rate of hydro- 
genation the Rx is no longer affected by the addition of fumarate. 

The presence of succinate in the above experiments had no effect on the 


The results are sum- 


results described. 
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Kineiics 


The hydrogenation and exchange processes consist of two successive 
stages, the solution of the gaseous hydrogen in the liquid and the reaction 
between this dissolved hydrogen and the substrate or water molecules. 
Either or both of these processes may determine the rate of reaction, R. 
If the number of cells present is small, 2 will also be small, so that we can 
assume that the solution is practically saturated with hydrogen for the 
particular hydrogen pressure of the experiment. FR will then be given by 
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Fig. 11. The decrease of the deuterium concentration with time in the absence and 
in the presence of fumarate. (Compare Table VI 

Fic. 12. The dependence of the rate of hydrogenation on the number of cells at 
various pressures of hydrogen 


where /:’ is a constant, N is the number of cells present, (Hz) is the con- 
centration of dissolved hydrogen irrespective of its isotopic composition, 
and a is the order of the reaction with respect to hydrogen. Since (H2) is 
proportional to the partial pressure of the hydrogen, P, the above equation 
becomes 


4 R = k”NP* 


where i” is a constant. 

For a larger number of cells, the rate of reaction will be determined by 
both the solution and the hydrogenation processes, while in the presence 
of a still larger number of cells R will be so high that the concentration of 
the dissolved hydrogen (or deuterium in the case of the exchange reaction) 
will be very low. Under these circumstances, the rate at which the dis- 
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solved hydrogen (or deuterium) leaves the aqueous solution and returns to 
the gaseous phase can be neglected. The rate of solution of the hydrogen 
(or deuterium) will thus be the rate-determining process, so that the rate of 
reaction will be independent of the number of cells present and will be 
given by 

5 R AP 

where A is a constant. 

The rate of reaction is thus seen to be proportional to the cell number. 
N, for low cell numbers (equation 4) and to become less and less affected by 
the cell number as the latter rises, until it finally becomes independent of 
the cell number (Equation 5). For certain values of @ it is possible t 
deduce a formula giving RF in terms of k”, A, N, and P for the general case 
in which both the solution and hydrogenation processes determine the 

TABLE VI 


Effect of Fuma ale on Rate of Exchana vith B wle 1D ffering rn T he 
H ydroge nation Activity* 


Series No Pressur Rg in absence of fumarate Ky in absence of fumarat 
Rg in presence fumarate Ry 
mm. lig 
5) 60 6.6 2.5 
l 15 6.1 2.1 
7 100 1.4 8 
7 1) 1.4 $.5 
s 100 1.0 10 


*The Re in the presence of fumarate was calculated by using a mean gas volume 


reaction rate. Such a formula can be obtained by a method similar to 
that employed by Roughton (32), based on the liquid film theory of 
diffusion. 

If under a certain range of experimental conditions the rate of reaction 
is found to be proportional to the number of cells, then this can be taken 
as sufficient evidence that Equation 4 is valid under these conditions, 
Only then can the exponents n and n’ in the empirical Equations 2 and 2,4 
be identified with @ in Equation 4. In this way @ was always found to 
have a value less than 0.5. For higher cell numbers the value of n would 
be expected to rise and eventually to reach the value of unity according ti 
Equation 5. 

Since a < 1, the higher the hydrogen pressure, the higher the limiting 
cell number up to which Equation 4 holds good (Figs. 12 and 13). 

Further evidence for the validity of Equation 4 is afforded by the fact 
that the reaction rate was found to be independent of the rate of shaking 
provided this was above a certain minimum. The minimum rate of shaking 
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depends on the hydrogen pressure (e.g., 100 full strokes per minute at a 
pressure of 60 mm. of Hg). 

The interpretation of the experimentally found temperature coefficient 
depends on the number of cells present. For those cell numbers for which 
Equation 4 is valid, the temperature coefficient measured is that of the 
constant &”. On the other hand for sufficiently high cell numbers the 
temperature coefficient of the constant A of Equation 5 will be obtained. 
Hoberman and Rittenberg have shown that this latter coefficient is com- 
paratively small (8). The temperature coefficient of the reaction rate 
would thus be expected to fall as the cell number is increased (cf. Table 


IIT). 


RELATIVE RATE OF EXCHANGE 
\ 





OS 19 15 20 
RELATIVE CELL NUMBER 
Fic. 13. The effect of the number of cells on the rate of the exchange reaction at a 
total hydrogen pressure of 80 mm. of Hg. 


Kinetics of Exchange Reaction—The exchange reaction may be’ assumed 
to comprise the activation of the molecules of dissolved hydrogen, followed 
by a partial or complete exchange reaction between the activated hydrogen 
and water. We shall assume that the rate of activation of the dissolved 
hydrogen molecules, u ec. at N.r.P. per hour, is independent of the isotopic 
composition of the hydrogen. wu will be given by expressions similar to 
Equations 4 and 5 for small and large cell numbers respectively. The con- 
nection between u and the observed rate of decrease of the deuterium con- 
tent of the gas can be derived as follows: 

Differentiating Equation 1, we obtain 


d(D 
dt 
If the gas consists entirely of deuterium, i.e. when (D) = 1, then the 


rate at which deuterium disappears from the gas will give a lower limit for 
the value of u. On the other hand, if we assume that Equation 6 holds also 
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under these conditions, then this rate will be given by the expression 
Ve (d(D)/dt) = 2.3k (1) Ve, where V¢ is the total quantity of gas present 
expressed in cc. at N.T.P. 

We shall denote the value of 2.3K V « by Re, and, in the absence of further 
information as to the value of u, we shall consider Py to be a measure of 
the hydrogen-activating activity of the bacteria. 


Example—For Vg = 2.5 ce. (N.1.P.) and k 0.02 hour we obtain R, 
= 2.3 X 2.5 X 0.02 = 0.115 ce. per hour at N.7T-.P. 


The theoretical deduction of an equation similar to our Equation 1 by 
Hoberman and Rittenberg (8) is not altogether convincing, as the use of a 
single constant f for giving the degree of equilibration of a volume elemenj 


of gas with the water appears insufficient. According to their definition of 
8 no molecules of HD should be formed as a result of the exchange reaction 


between H, and a large excess of heavy water whatever the value of 8: 
yet their experimental results clearly show the formation of such molecules, 


DISCUSSION 


The experimental results so far obtained are not yet sufficient to justify 
any definite conclusions concerning the mechanism of the hydrogenation 
and exchange reactions, and the mechanism outlined below, although it 
explains these results fairly satisfactorily, must not be considered to be the 
only possible mechanism capable of so doing. 

The existence of two types of inhibitors, exemplified by cyanide and 
urethane respectively, and the fact that only the hydrogenation activity 
is affected by the conditions of growth suggest that the hydr wenation is 
brought about by the combined action of two different parts of the bacterial 
enzyme system, activating the hydrogen and the fumarate respectively, and 
that the presence of only the first of these is necessary for the exchange 
reaction. The experimental results already given are in accordance with 
the assumption that oply the hydrogen-activating part is affected by 
hydrogen pressure and by cyanide and that the conditions of growth and 
addition of urethane influence only the fumarate-activating part. Some of 
the other inhibitors examined appear to behave similarly to cyanide. 

If the number of hydrogen molecules activated in unit time is con- 
siderably larger than the corresponding number of fumarate molecules, and 
if we further assume that under such circumstances the rate of hydro 
genation is nearly equal to the rate of activation of the fumarate, then 
those factors which influence the rate of activation of the hydrogen will 
have but little effect on the rate of hydrogenation. As the rate of activa- 
tion of the fumarate rises, the effect of such factors will become more and 
more predominant. These considerations provide an explanation of the 
results given in Table IV. 

The fact that the rate of exchange is almost the same with bacteria from 
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different series of growth indicates that the rate of activation of hydrogen 
is practically independent of the conditions of growth, so that the rate of 
hydrogenation can be taken as a rough measure of the rate of activation of 
the fumarate. . 

The nature of the enzyme activating the fumarate is not clear. The 
absence of inhibition by malonate, succinate, and fluoride seems to indicate 
that it is not succinic dehydrogenase. It should be remembered, however, 
that the formation of succinate is inhibited by malonate far less than the 
reverse reaction (33). Moreover, the activity of succinic dehydrogenase 
bound to the intact cells is lowered by the inhibitors mentioned above to 
a lesser extent than that of cell-free preparations or even of cells treated 
with toluene (34). Another possibility is that the fumarate is activated 
by “fumaric hydrogenase,”’ an enzyme which, like succinic dehydrogenase, 
catalyzes the reduction of fumarate by leuco dyestuffs, but which is not 
inhibited by succinate, malonate, or fluoride (35). 

It is somewhat surprising that both the hydrogenation and the exchange 
reaction have almost the same apparent energies of activation. At the 
moment it seems more likely that this agreement is fortuitous rather than 
that it is due to the step common to both reactions (the activation of 
hydrogen), since the rate of hydrogenation is believed to be largely de- 
pendent on the rate of activation of the fumarate. 

The influence of the concentration of fumarate on the rate of hydro- 
genation can be explained by assuming that the formation of activated 
fumarate takes place in two stages: adsorption on the fumarate-activating 
portion of the catalyst, followed by activation of the adsorbed fumarate. 
The fact that the rate of hydrogenation is independent of the concentration 
of fumarate (when this is above a certain value) can then be interpreted 
as being due to saturation of the catalyst with adsorbed fumarate. 

The results of our hydrogenation experiments in the presence of carbon 
monoxide (Table V) are in fair agreement with those reported by Hoberman 
and Rittenberg (8) for the exchange reaction in the presence of the same 
inhibitor. The rapid decrease of the inhibitory effect with decreasing 
concentrations of carbon monoxide is remarkable, as also is the inhibition 
by very low concentrations of bromine. Bromine has been reported to 
inhibit various bacterial dehydrogenases (36). 

We shall now consider the effect of the addition of fumarate on the rate 
of exchange and shall make the simplifying assumption that the velocity 
constants of all the processes concerned, in which hydrogen is involved, are 
independent of the isotopic composition of the hydrogen. Owing to the 
exchange reaction, the ratio of deuterium to total hydrogen in the activated 
hydrogen on the catalyst will be less than in the gaseous phase. The 
addition of fumarate will have the following three effects: (1) The concen- 
tration of the total activated hydrogen on the catalyst will be reduced. 
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(2) The ratio of deuterium to total hydrogen in the activated hydrogen on 
the catalyst will be raised, but will still be less than that in the gaseous 
phase. (3) Light and heavy hydrogen will be removed by combination 
with fumarate in the same proportion as that in which they exist in the 
activated hydrogen on the catalyst. 
All three effects will increase with the rate of hydrogenation. 
1) and (3) tend to reduce the rate of decrease of the ratio of deuterium to 


total hydrogen in the gaseous phase, while effect (2) will tend to increase 


Effects 


this rate. 

The experimental data summarized in Table VI indicate that effects 
(1) and (3) predominate. 

Mention should also be made of experiments performed in this laboratory 
in which the isotopic composition of the succinate formed during the 
hydrogenation of fumarate with heavy hydrogen in the presence of Bacillus 
coli was measured (37). 

In these experiments it was found by isotopic analysis of the succinate 
that the concentration of deuterium in the hydrogen which combined with 
the fumarate was about one-fifth of that in the gaseous phase. This 
comparatively low deuterium content of the succinate may be due toa 
similar deuterium content of the adsorbed hydrogen as described above. 


The authors are indebted to Mr. H. J. G. Hayman for his valued assist- 
ance. 

SUMMARY 

1. The hydrogenation of fumarate is preceded by an induction period 
of varying length, owing possibly to a slow reduction of the enzyme. 

2. The specific hydrogenation activity of Proteus vulgaris towards fumar- 
ate is increased by 50 to 200 per cent if fumarate is added to the broth 
during growth. However, the exchange activity of the bacteria is not 
affected by such an addition of fumarate. 

3. The rates of both hydrogenation and exchange are increased by 
shaking the buffered suspensions with hydrogen. 

1. The apparent energies of activation of both reactions are about 14 
kilocalories. 

5. The effect of various inhibitors on both reactions has been studied. 

6. The influence of factors, such as hydrogen pressure and certain 
inhibitors, on the rate of hydrogenation, increases with increasing hydro- 
genation activity of the bacteria. 

7. Fumarate retards the rate of the exchange reaction, the retardation 


The reactions mentioned in (h) also tend to decrease the deuterium content o! 


the succinate formed 
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jing the more marked the greater the hydrogenation activity of the 


bacteria. 


§ The nature and kineties of the reactions concerned are discussed. 


Addendum—Recently a series of articles has been published in Australia, deal 


ing with the activation of molecular hydrogen by bacteria (38 
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THE HYDROGENATION OF FUMARATE BY HEAVY HYDROGEN 
IN THE PRESENCE OF BACILLUS COLI 


By L. FARKAS anp B. SCHNEIDMESSER 


From the Department of Physical Chemistry, The Hebrew University, 


Jerusalem, Palestine 
Received for publication, March 7, 1946 


Geib and Bonhoeffer (1) did not succeed in detecting a measurable ex- 
change between the carbon-bound hydrogen atoms of succinic acid and the 
hydrogen atoms of water, in the presence of “preparations” of succinic 
dehydrogenase. However, such preparations catalyze the exchange re- 
action between molecular hydrogen and water. 

Substantially similar results have been obtained by Hoberman and 
Rittenberg (2), working with suspensions of Proteus vulgaris in M/15 
phosphate buffer. On the other hand Erlenmeyer, Schoenauer, and 
Sillmann (3) found that during the establishment of the equilibrium 


Succinate + Methylene blue = fumarate + leucomethylene blue 


under the influence of succinic dehydrogenase, an exchange of the carbon- 
bound hydrogens of the succinate also takes place. In this way the 
“heavy” succinate gradually becomes “‘lighter.’’ Moreover, the fumarate 
which is formed by the dehydrogenation, contains less heavy hydrogen 
than would be expected if exchange did not occur. Thus succinate which 
contained initially 38 mole per cent of carbon-bound deuterium gave, 
after 6 hours contact with methylene blue, a fumarate containing 30.5 
mole per cent of carbon-bound deuterium, the deuterium content of the 
succinate having decreased to 28.5 mole per cent. The object of the pres- 
ent experiments was to investigate further the hydrogenation of fumarate 
with heavy hydrogen and to determine the isotopic composition of the 
succinate formed during the process. 


EXPERIMENTAL 


Bacillus coli Basel was used for the experiments. It was grown on a 
medium used by Krebs (4) which contained 0.3 per cent sodium fumarate 
in addition to the normal ingredients. The hydrogenation of fumarate 
with heavy hydrogen and the isotopic analysis of the gas were carried out 
jn an apparatus similar to that described by Farkas and Fischer (5). 

The initial concentration of fumarate varied between 0.01 and 0.3 M. 
The solution of the succinate-fumarate mixture obtained by hydrogenation 
was first concentrated by distillation and the deuterium content of the 
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This comparative “lightness” of the succinate has been explained in 
the preceding communication 5) as being due to a similar deuterium 
content of the hydre wen adsorbed on the catalyst. 

Another possibility is that, prior to the formation of the stable succinate, 
the hydrogen is bound in an exchangeable form in an intermediate com- 
pound, so that only part of the heavy hydrogen primarily participating in 
the hydrogenation process appears in the suecinate, the rest being ex- 
changed with the light hydrogen of the solvent water. A similar possibility 


i 


has been discussed by Erlenmeyer, Schoenauer, and Siillmann (3) with 


regard to succinic dehydrogenase. A third possibility is that the hydrogen 
is transferred to the fumarate through a hydrogen carrier capable of 
exchanging its hydrogen with that of the solvent water. 

Furthermore the succinate formed by hydrogenation of fumarate is 
somewhat diluted by succinate formed by fermentation of fumarate or 
the reduction of the latter by cell materials ((5), h and foot-note 4). 


SUMMARY 


Sodium fumarate has been hydrogenated by molecular heavy hydrogen 
in the presence of Bacillus coli, and the isotopic composition of the succinate 
formed has been determined. 

The comparative “lightness” of the succinate is discussed. 
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The present communication deals with the properties of an enzyme widely 
distributed in animal tissues which catalyzes the dismutation of diacetyl 
to acetoin and acetic acid. The enzyme was first discovered in pigeon 
breast muscle, which fortunately turned out to be one of the richest sources 
of the enzyme. ‘The detailed method of preparation is described later 
in the experimental section. In essence, the method consists of extracting 
the washed mince of the muscle with dilute phosphate buffer of pH 7.5 
and precipitating the enzyme with acetic acid at pH 5.4. As is shown in 
Table I, a considerable purification of the enzyme is achieved by discarding 
the precipitate formed by acidifying the phosphate extract to pH 6.3. 
After this bulky, largely inactive precipitate is removed, the enzyme is 
finally precipitated at pH 5.4. 

The preparation of the enzyme from pigeon breast muscle is stable for 
several days when stored at 2°. Exposure of the enzyme in a neutral solu- 
tion to 60° for 5 minutes results in complete inactivation. The enzyme is 
also destroyed by exposure to cold acetone or by lyophilization. The 
enzyme is associated with particles which can be sedimented quantitatively 
after 30 minutes at 15,000 x.P.m. in the high speed head of the International 
Equipment centrifuge. All attempts to separate the enzyme from the 
particles were unsuccessful. 

Diacetyl mutase catalyzes the following reaction : 

l) 2CH;COCOCH; — 2CH,;COOH + CH;CHOHCOCH;, 


When the reaction is carried out in bicarbonate-carbon dioxide buffer, 1 
mole of carbon dioxide is formed for each mole of diacetyl which disappears. 
The course of the reaction can thus be followed by measuring carbon dioxide 
evolution manometrically in a Warburg vessel. 

The products formed in the reaction could be demonstrated by two dif- 
lerent methods. By the Voges-Proskauer creatine method' both acetoin 
and diacetyl are estimated. It is, therefore, impossible to distinguish be- 

* This investigation was aided by grants from the Williams-Waterman Fund of the 
Research Corporation, the Rockefeller Foundation, and the Winthrop Chemical 
Company. 

ft Present address, School of Public Health, University of Michigan, Ann Arbor 

‘Knox, W. E., unpublished method. 
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tween the initial reactant and one of the final pr ducts | \ this procedure 


Howe, er, diacet \ 1 but not acetoin will react in the cold with 2, | dinitr 


phenylhydrazine to form an osazone which has an intense purple color j 
25 per cent KOH. With this test a few micrograms of residual diacetyl] ar 


readily detected. When this delicate test, applied to an enzyme digest at 


the end of the reaction, was completely ne gative, it then became permissible 


to use the Voges-Proskauer method for estimating the ace toin formed in the 


} 


reaction. Table II contains the results of such an analysis. Diacety! 


but not acetoin can be estimated by the method of White et al. (1 Thus, 
Pasi I 
Puri} f Diacetyl Di I 
I 
1. Ppt. from supernatant acidified to pH 5.4 4 
2 ™ = . 6.3 0.5 
= ’ se 2) acidified to pH 5.4 14.5 
TABLE II 
/ nee Sheet 
\ \ ' Ac 


Voges-Proskauer 


Observed 150 19.3 154 2.04 

Theory 75.0 150 2.00 
White et al 

Observed 100 51.0 109 2.13 

Theory 50 100 2.00 

* The value for the disappearance of diacetyl was corrected for the loss incurt 


during aeration 


by the combination of the two methods it is possible to estimate ace 
toin plus diacetyl, diacetyl, and by difference, acetoin. ‘The results 0 
such an analysis are also given in Table II. It should be pointed out 
that diacetyl is so volatile that a not inconsiderable amount is lost dur 
Ing the process Ol filling the manometric vessels with the gas mixture. This 
loss must be corrected for by running a control without the enzyme solution 
Acetic acid was estimated by the method of Friedemann (2) and identifed 
as such by the spécific lanthanum nitrate test (3 

The relation between the reaction velocity and concentration of sub 
strate is shown in Fig. 1. The half speed concentration is about 8 X 
10-*m. Above 3.6 X 10-? mM increase in the concentration of diacetyl doe 
not affect the velocity of the reaction. 
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As prepared by the standard method, the enzyme from pigeon breast 
muscle requires no addition other than the substrate for full activity. 
However, when the enzyme solution has been brought to pH 4.0 (at 0°) by 
addition of hydrochloric acid, allowed to stand for some minutes, and then 
reprecipitated at pH 5.4, all activity is lost unless the enzyme is reactivated 
by addition of diphosphothiamine. The relation between the reaction 
velocity of the apoenzyme and the concentration of diphosphothiamine 
is shown in Fig. 2. Thiamine, diphosphopyridine nucleotide, triphospho- 
pyridine nucleotide, flavin dinucleotide, adenosine triphosphate, and 
pyridoxal phosphate cannot substitute for diphosphothiamine nor do 
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Fic. 1. Substrate concentration curve of diacetyl dismutase. Eacl 
cup contained 0.5 ec. of enzyme and 0.5 cc. of 0.1 per cent diphospohthian 


‘ 
volume, 3 cc.; gas phase, 95 per cent nitrogen, 5 per cent carbon dioxide; 38°. 


they influence the course or speed of the dismutation. All known diphos- 
phothiaminoprotein enzymes have been shown to require some divalent 
metal like magnesium or manganese in addition to diphosphothiamine. 
No evidence has yet been produced that a divalent metal is present in the 
enzyme which catalyzes the dismutation of diacetyl. 

In the dismutation of diacetyl 1 molecule is oxidized to 2 moles of acetic 
acid, while the other is reduced to acetoin. Since the reaction is in effect 
an oxidation-reduction, there is reason for anticipating the presence in the 
enzyme of a group capable of reversible oxidation and reduction. The 
current view is that diphosphothiamine cannot function as an oxidation- 
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reduction system. If this view is correct, a second prosthetic group must | 
be assumed to be present in the enzyme 

Attempts were made to replace diacetyl as the oxidant by methylen 
blue and ferricyanide. Neither of these two oxidants was reduced by 
the enzyme system nor did they influence the course of the dismutation 
Inorganic phosphate is not required in the reaction. Furthermore acy| 
phosphate formation could not be demonstrated by the ferric hydroxami 


acid method of Lipmann and Tuttle (4 
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Final volume, 3 ecc.; gas phase 95 per cent nitrogen 5 per cent carbon dioxide; 38 


rane Ill 
Dist f Enz Dif 0 
Or 

Pigeon heart 1.6 

brain 1.4 

liver 2 0 

breast muscle 1.5 

Rabbit kidney 0.5 
2 liver 0.9 } 

heart 1.0 
skeletal muscle 0.6 


The dismutase was found to be highly specific for diacetyl. Glyoxal, | 
methylglyoxal, dipropionyl, benzil, cyclohexanedione-1 , 2, alloxan, a 
cyclohexanehexone were not attacked by the enzyme 

The action of various enzyme inhibitors was tested. 3.3 X 10° ¥ 
fluoride, 3.3 X 10-* m fluoroacetate, and 3.3 X 10-* m malonate had 1 
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inhibitory effect, whereas 3.3 xX 10°-° m iodoacetate and 3.3 & 10-3 m 
arsenite inhibited 39 and 79 per cent respectively. 

The distribution of the enzyme in the tissues of the rabbit and pigeon 
is shown in Table III. The various tissues were homogenized and the 
dismutase activity tested at once without further purification procedure. 


EXPERIMENTAL 


Preparation of Enzyme—Fresh pigeon breast muscle is minced coarsely 
and washed three times with 5 volumes of iced water. The washed and 
well pressed tissue is weighed and mixed with phosphate buffer in the 
following proportions: 50 gm. of tissue, 8 ec. of 0.5 m phosphate buffer of 
pH 7.5, and 300 ce. of iced water. The mixture is ground up in a Waring 
blendor for 2 minutes and the homogenate is then centrifuged for 30 
minutes at 0°. The precipitate is discarded and the supernatant fluid is 
acidified to pH 6.3 with 10 per cent acetic acid (pH being measured con- 
tinuously in the glass electrode). The precipitate is again discarded and 
the supernatant fluid further acidified to pH 5.4 with 10 per cent acetic 
acid. The precipitate is rubbed up with a small quantity of water and 
neutralized with 10 per cent sodium bicarbonate to pH 7.4. 

Manometric Test of Activity—Routinely 0.5 cc. of enzyme, 0.5 cc. of 0.1 
per cent sodium bicarbonate, and 0.1 ec. of 0.1 per cent diphosphothiamine 
were added to each Warburg vessel and 0.5 ec. of neutralized 0.2 m diacety] 
in the side arm. The final volume was brought to 3.0 ce. by addition of 
water. The gas phase was a mixture of 5 per cent carbon dioxide and 95 
per cent nitrogen. After temperature equilibration, diacetyl was tipped 
in from the side arm and the rate of carbon dioxide evolution measured. 
The theoretical amount of carbon dioxide from a given amount of diacetyl] 
was never attained, owing to the retention of carbon dioxide by the proteins. 
The retention factor, determined by measuring the evolution of carbon 
dioxide following addition of a known amount of acid, varied from about 
00 to 75 per cent, depending upon the concentration of protein. The true 
rate of carbon dioxide evolution was, therefore, from 2 to 3 times as large 
as the observed rate. It is permissible to compare relative rates of carbon 
dioxide evolution in a series of manometric runs provided the amount of 
enzyme is constant throughout, thus insuring a constant carbon dioxide 
retention factor. 

Preparation of Substrate—Diacety] was purified by fractional distillation 
through a Widmer column. Only the fraction boiling between 87—88° at 
atmospheric pressure was used. Glyoxal in aqueous solution was obtained 
from the Union Carbon and Carbide Corporation. Methylglyoxal was 
synthesized by the method of Riley et al. (5), involving oxidation of acetone 
by selenium dioxide. Only the fraction boiling between 45-60° at 20 mm. 
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of mercury was retained. Cyclohexanedione-1 ,2 was also prepared by 
selenium oxidation of eyclohex@n@*according to the method of Riley et a 


(5). The fraction boiling between 78-83° at 17 mm. of mercury was 
crystallized. The slightly yellow crystals of the dione melted at 43 


Benzil and alloxan were products of the Eastman Kodak Company 
Cyclohe xanehexone Was obtained through the courte S\ of Dr 2 \\ ley Ol 
the Food and Drug Administration 
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and Su qgeons Col amoia , 
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The present communication deals with the properties of two oxidases 
prepared from pigeon breast muscle which oxidize respectively pyruvic acid 
to acetic acid and carbon dioxide and a-ketoglutarie acid to succinic acid 
and carbon dioxide. Although the two enzymes are not identical, their 
properties in general are so similar as to justify their consideration in the 
same communication. 

Both enzymes are prepared from pigeon breast muscle by the identical 
procedure described in detail by Green ef al. in their study of diacetyl mu- 
tase (1). The purity of the preparation is greatly influenced by the pH 
at which the enzyme is precipitated from the phosphate extract of the 
thoroughly washed muscle mince (cf. Table I) 

The pyruvie and a-ketoglutaric oxidases catalyze the oxidation of their 
respective substrates by molecular oxygen, ferricyanide, methylene blue, 
and other electron acceptors. When oxygen is used as an electron acceptor, 
the rate of oxidation is dependent upon the partial pressure of oxygen. 
Thus, the rate in pure oxygen is 4 times the rate in air. The most rapid 
rate of oxidation was attained with ferricyanide as electron acceptor. 
For each molecule of ferricyanide reduced, 1 molecule of carbon dioxide is 
liberated from a solution buffered with bicarbonate in the presence of a gas 
mixture containing 95 per cent nitrogen and 5 per cent carbon dioxide. 
The details of the reactions are as follows: 

1) CH;JCOCOO- + 2Fe(CN).* + 2HCO;- — CH;COO- + 2Fe(CN), + 3C0, + HO 
2) OOCCOCH.CH:.COO~ + 4Fe(CN),." + 4HCO;- — ~OOCCH.CH.COO~ + 5CO, 

+ 4Fe(CN), + 2H,0 
The oxidation of pyruvic acid by ferricyanide involves a 2 electron charge, 
whereas the oxidation of a-ketoglutaric acid involves 4 electrons. In point 
of fact, the a-ketoglutaric oxidase catalyzes only the bivalent oxidation of 
a-ketoglutaric acid to succinic acid, the succinic oxidase present in the 
preparation being responsible for the further oxidation to fumarie acid. 

* This investigation was aided by grants from the Williams-Waterman Fund of the 
Research Corporation, the Rockefeller Foundation, and the Winthrop Chemical 
Company, Inc 

t Present address, School of Public Health, University of Michigan, Ann Arbor. 
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Che ferricyanide manometric test is usetu ! pid assay of the activity of 
the two enzymes and for kinetic studies when relative rates are sufficient 
However, because of the very large carbon dioxide retention factor, ; 


4 l ‘ ‘ 
2. Phospha i i l i to pH 5 1.2 

6.3; ppt. neut1 ed and tested 
>. Super nt fror 2 idihed to 19) S.4 

pH 54 

Kacl et 1} ed 0.5 yf e1 0.1 mM keto acid, 0.2 
ce f 0.5 mM terricyanide, 0.5 ft O.1 pe f lu rbonate, 0.1 ec. of 0 
per ce phosphothiamine, ar ) ‘ ) r} essels wer 
hiled ga ixtu ing l i) ent nit 
gen le ire 35 


Pasue Il 
Pyruvate Oxid Ba e Sheet: CH,COCOOH 150 > UH;,COOH + CO; 


Observed 10.2 1) 6.8 29 .2 
Theory 30.2 15.1 30.2 
% theory 9 11] 97 

rhe values for pyruvate disappearance and carbon dioxide formation were 
rected for acetoin formation which was ind 2.5 es expresse 
pyruvate equivalents 

Each manometer cu ‘ 1.5 ) , 0.5 of 0.2 m lithium pyru 
vate, 0.5 cc. of 0.2 M phosphate buffer of pH 8.0, 0.2 of 0.1 per cent diphospho- 
thiamine, 0.2 « of 30 per cent sodium hydroxide in the center well, and water tos 
total volume of 3 ec.; 38°; oxygen in gas phase; 3 hours incubation. 


constant stoichiometric relation exists between the carbon dioxide evolu- 
tion and the amount of keto acid disappearing. 

Che analytu al data establishing that pyruvic acid is oxidized to acetic 
acid and carbon dioxide are given in Tables Il and III. Some of the pyr 
vate disappears in a side reaction invol\ ing acetoin formation. After the 
amount of acetoin formed at the end of the reaction is determined th 
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amount Of pyruvic a id which disappear as the result of the oxidation to 
acetic acid can be estimated 

Malonic acid inhibits the oxidation of suecemiec acid to fumarie acid 
hus, by carrving out the enzymatic oxidation of a-ketoglutarie acid in 


( stoichio 


the presence I malonic iu id it become Ss possible to dete rmine t 


metric relations for the conversion to succinic acid The analytical data 


Pasie Ill 


/ ivale OUnridat Balance Sheet 
y ac 
ne 
Observed 65 120 58 
Theory 130 65 
vi theory Qe R9 
The values for pyruvate disappearance were corrected for acetoin formation 
vyhich was found to be 30 micromoles expressed as pyruvate equivalents 
Each manometer cup contained 1.5 cc. of enzyme, 0.5 cc. of 0.2 mM lithium pyruvate, 
5 ce. of 0.1 per cent sodium bicarbonate, 0.1 of 0.1 per cent diphosphothiamine, 
2ec. of 0.5 m ferricyanide, and water to make a total volume of 3 ce ; gas phase 5 
per cent carbon dioxide, 95 per cent nitrogen; 38°; 2 hours incubation 
TABLE I\ 
a-Ketoglutarate Oxid n Be Shee 
W \\ ate 
+e 
4 a-ketoglutarate 25 24 
0, uptake 25 13 
CO, formation 29.5 29 


Each manometer cup contained 1.5 cc. of enzyme, 0.5 cc. of 0.2 m phosphate buffer 
of pH 8, 0.1 ec. of 0.1 per cent diphosphothiamine, and 0.5 ec. of 0.2 ma-ketoglutar 
ate; final volume 3 cc.; alkali in center well. In experiments with malonate 0.5 ce 


{fm malonate was included; 38°; 6 hours incubation; oxygen in gas phase 


are given in Table [V. In the presence of malonic acid 1 atom of oxygen is 
absorbed per molecule of a-ketoglutaric acid oxidized, whereas 1 molecule 
of oxygen is absorbed in the absence of malonic acid. ‘The enzyme prepara- 
tion is capable not only of oxidizing a-ketoglutaric acid to succinic acid but 
also of decarboxylating a-ketoglutaric acid to succinic semialdehyde (2). 
Although at pH 8 carboxylase activity is very low, its magnitude is adequate 
to affect the balance sheet for the oxidation of a-ketoglutaric acid and 
correction for this side reaction becomes necessary. Since succinic semi- 
aldehyde binds bisulfite, the estimate of the amount of a-ketoglutaric acid 











820 PYRUVIC AND a@-KETOGLUTARIC OXIDASI 


which disappears as a result of oxidation, as measured by the bisulfite 
method, is valid. However, the total amount of carbon dioxide which is 
formed includes carbon dioxide arising both from the oxidation and decay. 
fa ketoglutaric acid. The difference between the observed 


boxylation « 
carbon dioxide formation and the theory, based on the amount of oxygen 
absorbed, represents the carbon dioxide arising by non-oxidative de. 
carboxylation. 

Acetic acid was estimated by the method of Friedemann (3). It was 
identified as such by the specific lanthanum nitrate test (4). Succinic acid 
was identified by direct isolation from the reaction mixture and by mixed 
melting point and neutralization equivalence. The details are given in th 


experimental section. 
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Fic. 1. Diphosphothiamine concentration curve for the pyruvic oxidase. Le 
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as in Table II, except for varying amounts of diphosphothiamine 


The two oxidases require diphosphothiamine, as shown in Figs. 1 and 2 
The prosthetic group is split off completely from the a-ketoglutaric enzyme 
merely by repeating the isoelectric precipitation at pH 5.4. It is necessary 
to carry out two precipitations at pH 4.6 in order to split off diphospho- 
thiamine completely from the pyruvic oxidase. This difference in the eas 


of dissociation of the prosthetic group in acid solution is one of several lin& { 
of evidence suggesting the non-identity of the two oxidases. 

Apart from diphosphothiamine, no other component was found to be | 

’ 


necessary for the activity of either enzyme, including inorganic phosphate, 
adenosine triphosphate, pyridoxal phosphate,cytochrome c, divalent metals, 
and flavin-adenine dinucleotide. Ochoa (5) has described in cat heart a 
enzyme which catalyzes the oxidation of a-ketoglutaric acid to succinic acid 
and which requires the presence of inorganic phosphate, adenosine tr- 
phosphate, and magnesium for its activity. Since the a-ketoglutaric acid 
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oxidase described in this communication requires none of these components, 
it cannot be identical with Ochoa’s oxidase. Further, no formation of acyl 
phosphate could be detected by the delicate hydroxamic acid-ferric salt 
test of Lipmann and Tuttle (6). 

The most cogent evidence bearing on the non-identity of the pyruvic and 
a-ketoglutaric oxidases of pigeon breast muscle comes from summation ex- 
periments. For example, a-ketoglutaric acid was oxidized at the rate of 59 


60} 


Vt, 





OL-KETOGLUTARATE 


C.MM Oo PER 45 MINUTES 





20 40 60 80 100 20 i40 160 


DIPHOSPHOTHIAMINE (Kg PER CC.) 


Fig. 2. Diphosphothiamine concentration curve for the a-ketoglutaric oxidase. 


Legend as in Table I, « xcept for varying amounts of diphosphothiamine 


¢.mm. of oxygen per 30 minutes, whereas the rate for pyruvic acid was 


_37 ¢.mm. in the same period. The rate with both substrates together was 


92 ¢.mm., which represents virtual summation of the two rates. Were a 
single enzyme involved, the rate in the presence of both substrates together 
might be smaller, but would never be greater, than the rate in the presence 
of one or the other substrate. It should be noted that the concentrations 
of substrates used were adequate to saturate the respective enzymes. 

The relationship between reaction velocity and pH is shown in Fig. 3. 
Both enzymes have a broad pH optimum between 7.5 and 8.5. Beyond 
these limits the rates of oxidation fall off rapidly. The pH was measured 
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ength action on acetoacetic acid, acetopyruvic acid, oxalacetic acid, a-ketobutyric 

vid. a-ketovaleric acid, and a-ketocaproic acid. ‘Thus it would appear that 
ration ——_s.sch of the two oxidases present in the preparation is specific for its partic 
imum 


iar substrate. 

Both oxidases are associated with particles which are readily sedimented 
in the high speed head of the International Equipment centrifuge (20,000 
apM.). The enzyme preparation may be stored for several days at 0°. 
When the preparation is frozen, some of both activities will be retained but 
a not inconsiderable loss is sustained. The enzymes are stable to treat- 
ment with dilute acid in the cold, particularly in the presence of 20 per cent 
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ammonium sulfate. Exposure to 60° for 5 minutes at pH 7 destroys all 
enzymatic activity. Neither enzyme is inhibited by 3.3 X 10-* m fluoro- 
acetate, 3.3 X 10-* m fluoride, and 3.3 X 10-* mM malonate. 3.3 K 10°*M 
arsenite inhibits the pyruvic enzyme 75 per cent and the a-ketoglutaric 
enzyme 55 per cent. 3.3 X 10-* m iodoacetic acid is without effect on the 
pyruvie enzyme but inhibits the oxidation of a-ketoglutaric some 30 per 
cent. In view of the facts that the succinic dehydrogenase is sensitive to 
le II | lodoacetic acid and that the over-all reaction includes the oxidation of suc- 

cinie acid to fumaric acid, it is possible that no inhibition is sustained by the 
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id 1.9 | a-ketoglutaric oxidase as such. 

at 3.8 

spec: EXPERIMENTAL 
Reagents—Lithium pyruvate was prepared according to the method of 


heant | Wendel (7), a-ketobutyric, a-ketovaleric, and a-ketocaproic acids from the 
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corresponding amino acids by the action of the d-amino acid oxidase of Dio 
kidney (8), a-ketoglutaric acid by the method of Neuberg and Ringer 0) 
and acetopyru\ ic acid by the meth« d of Lehninger (10). 

Analytical Methods—Pyruvie and a-ketoglutaric acids were estimat, 


either by the bisulfite titration procedure of Clift and Cook (11), With thy 


modifications introduced by Blanchard et al. (12), or by the ceric Sulfats 
method of Krebs and Johnson (13). Ferrocyanide was estimated by the! 


method described in Treadwell and Hall (14), involving the addition of gi 
sulfate and potassium iodide and then titration of liberated iodine wit 
thiosulfate. 

Isolation of Succinic Acid—The reaction mixture, set up as in the legend 
for Table I, only on a larger scale, was deproteinized, after several hour 
of incubation, with an equal volume of 5 per cent sodium tungstate in 0,64] 
N sulfuric acid. The filtrate and washings were combined and M sodiy 
bisulfite solution added equal to 50 times the concentration of a-ketoglutar 
acid present at the termination of the reaction. This solution was extract, 
continuously with ether for 7 hours. The ether extract was evaporate 
down to dryness and the residue was tested and shown to be free of a-keto. 
glutaric acid by the 2, t-dinitropheny lhydrazine test. To remove malon 
acid, the residue was dissolved in a small volume of water and heated to 19 
in a sealed tube for 12 hours. The complete decomposition of malonic acid 
was checked by the ceric sulfate manometric test (13), which was negative 
The slightly brown solution was taken to dryness and the procedure re | 
peated several times to remove acetic acid, the product of decompositia | 
of malonic acid. ‘The slightly brownish crystals of crude succinic acid wer | 
again dissolved in water and the solution was treated twice with norit and| 
then again evaporated to dryness. M.p. 177-179°. The crystals wer 
dissolved in a small volume of acetone and the solution treated twice wit 
norit. After the removal of acetone, the crystals melted at 183-18 
The mixed melting point was 183-185°. The neutralization equivalent wa 
determined as 58.1; theory for succinic acid, 59.0. For control purposes 
the entire isolation procedure was carried out as above except that enzym 
was omitted from the original digest. No succinic acid was found present 


in the first ether extract. } 
SUMMARY 
’ 


The properties of the pyruvic and a-ketoglutaric oxidases of piged| 


breast muscle have been described. 
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THE ACTION OF PHENYLMERCURIC NITRATE 
1. INABILITY OF SULFHYDRYL COMPOUNDS TO REVERSE THE 
DEPRESSION OF CYTOCHROME OXIDASE AND YEAST RESPI- 
RATION CAUSED BY BASIC PHENYLMERCURIC NITRATE* 
By ELTON 8S. COOK axon GLADYS PERISUTTI 


From the Laboratories of the Institutum Divi Thomae, Cincinnati) 
Received for publication, October 12, 1946) 


In Papers I and II (1, 2) it was shown that basic phenylmercuric nitrate 
depressed a number of enzymes (cytochrome oxidase, succinoxidase, cata- 
lase, and several dehydrogenases), that it reacted with sulfhydryl groups, 
and that the depression of yeast respiration by the basic nitrate could be 
prevented by the presence of sulfhydryl-containing compounds, such as 
cysteine or homocysteine. These findings suggested that the depression 
might involve interaction of the mercurial with essential —SH groups 
inthe enzymes. However, it has been reported that certain of the above 
enzymes, namely cytochrome oxidase and catalase, do not depend upon 

SH groups for their activity (3). If the basic phenylmercuric nitrate 
behaves like certain of the simple RHgX compounds which react specif- 
ically and reversibly with —SH groups, it should be possible to reverse the 
depression by adding a relatively large proportion of competing —SH 
groups, as noted by Barron and Singer (3). The present paper demonstrates 
that the basic phenylmercuric nitrate depression of cytochrome oxidase, like 
that of yeast respiration, can be prevented by the prior addition of sulf- 
hydryl-containing compounds, but the depression of neither cytochrome 
oxidase nor yeast respiration can be reversed by subsequent addition of 
sulfhydryl-containing compounds. A series of amino acids containing 
various reactive groups did not protect either cytochrome oxidase or yeast 
respiration against the action of phenylmercuric nitrate with the exception 
of an effect of histidine upon the depression of cytochrome oxidase. 


EXPERIMENTAL 

Methods and Materials—The cytochrome oxidase system, with ascorbic 
acid as thessubstrate, was studied at 37.5° by the method of Schneider and 
Potter (4) as described in Paper I (1). The center well of the respirometer 
flask contained 0.2 ml. of 2 nN sodium hydroxide. The main chamber 
contained 1 ml. of 2.4 X 10-* m cytochrome c (referred to a molecular 
weight of 16,400), 0.3 ml. of a freshly prepared solution of 0.114 mM ascorbic 

* Presented before the Division of Biological Chemistry at the meeting of the 
American Chemical Society at Chicago, September 12, 1946. 
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eid in 1 hate r. pH 7.4. 0.3 ml. of 4 & 10 luminum chloride. 

0.4 ( xidas ! g trac and 1.0 ml] 

f p H7.4. Inthe 0.9 1 the buffer 

} phi , t< f proper concentration 

dissolved in buffer. For protection experiments, a further 0.5 ml. of the 

buffer Ss re] laced bv a solution of the desired si Ifhydryl containing 

compound in buffer. For reversal experiments, the 0.5 ml. of sulfhydryl. 

compound was placed in the side arm and tipped in at the 

' similar amount of buffer was tipped in at the same time in 

th, 1 we Is Both tvnes of experiment \ er controlled 
ing the sulfhydryl compound MmuSsion of t 

acid, and aluminum chloride. In these cases, the balance of the flask 

contents was made up with buffer. 
rhe respiration of a pure culture of Saccharomyces cerevisiae was measured 


; containing 0.02 per cent 


J 


lescribed previously (2) in M/15 KH.PO 
glucose, pH 4.5, at 30° in Warburg respirometers. In each experiment 
duplicate flasks were used for each of the following: yeast control, sulf- 
yl-containing compound, basic phenylmercuric nitrate, and_ sulf- 

yl compound plus phenylmercuric nitrate. The control flasks held 
0.2 ml. of nw KOH in the center well and, in the other chamber, 2 ml. of 
phosphate-glucose containing 4 mg., dry weight, of yeast; the side arm 
contained 1 ml. of phosphate-glucose which was tipped in at the desired 
time. In the appropriate flasks 1 ml. of the phosphate-glucose was re- 
placed by a solution of the sulfhydryl (or other) compound in phosphate 
which was tippe d in from the side arm. 

Cytochrome c was prepared from beef hearts by the method of Keilin 
and Hartree (5) with the exception that it was dialyzed against distilled 
water instead of 1 per cent sodium chloride. Rat heart extract served asa 
source of cytochrome oxidase. 

Basie phenylmercuric nitrate (CsHsHgNO,-C;H;HgOH) was obtained 
from The Hamilton Laboratories, Inc. I1(+-)-Cysteine hydrochloride, l(-)- 
cystine , and dil-methionine were obtained from General Biochemicals, Ine. 
l(—)-Tyrosine, di-serine, [(— )-proline, 1(+-)-arginine monohydrochloride, 
dl-lysine dihydrochloride, dl-phenylalanine, dl-aspartic acid, l( —)-trypto- 
phane, and /(—)-histidine monohydrochloride were Eastman Kodak 
products. Glutathione was obtained from the Schwarz Laboratories, Ine. 
All chemicals were dissolved in the appropriate buffer with adjustment of 


pH if necessary. 
Re Ss ilts 


Cytocl rome Oxidase Preliminary experiments confirmed the previously 
observed depression of cytochrome oxidase by basic phenylmercuric 
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nitrate. The concentrations tested ranged from 1.6 K 10-5 m to 8.4 X 
10- m, the latter concentration depressing the oxygen uptake to that of the 


cytochrome c control. Preliminary experiments also showed that con 
centrations of cysteine or glutathione of 10-3 m or less were without sigr 
cant effect upon cytochrome oxidase activity, while 10-? mM was inhibitory 


under our con litions. 
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Fic. 1. The effect of glutathione in protecting cytochrome oxidase against basic 
phenylmercuric nitrate. Curve I, cytochrome oxidase control; Curve II, gluta- 
thione, 10- m, present from the start; Curve III, glutathione, 10-* mM, and basic phen- 

g 
ylmercuric nitrate, 4.2 X 10-5 m, present from the start; Curve IV, basic 
yhenylmercuric nitrate, 4.2 X 10-' Mm, present from the start; Curve V, cytochrome 
I 5 , I ; 
ec control (oxidase omitted 


Fic. 2. The ineffectiveness of glutathione in reversing the depression of cyto- 


chrome oxidase by basic phenylmercuriec nitrate. Curve I, cytochrome oxidase 
control; Curve II, glutathione, 10~° m, added at 15 minutes; Curve III, basic phen- 
yimercuric nitrate, 4.2 K 10-5 M, present from the start; Curve IV, basic phenyl- 


mercuric nitrate, 4.2 X 10°-5m, present from the start; glutathione, 10°* m, added at 
15 minutes; Curve V, cytochrome c control (oxidase omitted 

Both glutathione and cysteine at 10-* mM, when placed in the flask with 
4.2 X 10-5 m phenylmercuric nitrate at the beginning of the experiment, 
protected the oxidase from the depressing effects of the mercurial. Con- 
centrations of the sulfhydryl compounds of 10~ M also protected, but less 
effectively, and in general, glutathione, mole for mole, was somewhat 
superior to cysteine. Fig. 1 shows the results of a typical f xperin ent with 
glutathione; the protection amounted to approximately 65 per cent. 

In contrast with their protecting ability, neither glutathione nor cysteine, 
10° m, was effective in reversing the depression caused by 4.2 X 107° m 
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basic phenylmercuric nitrate when the sulfhydryl compound \ 


as dded at 
intervals of 15, 30, or 60 minutes after the mercurial. Results of a typical 
( xperiment are shown in Fig. 2. 

Protection against depression Ol Cytor hrome oxidase by t.2 xX 10 M 
basic phenylmercuric nitrate was not afforded by concentrations up to 
10-* m of l-cystine, d/-methionine, /-tyrosine, d/-serine, /-arginine, /-proline, 
dl-lysine, dl-phenylalanine, dl-aspartic acid, or /-tryptophane. /-Histidine 
did afford approxunate ly 55 per cent prot ction; this observation will re- 
ceive further study. The 10-° mM concentrations of these amino acids in 
themselves caused 10 to 30 per cent depression of cytochrome oxidase 


activ ity, which was additive to the mercurial depression. 
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Fic. 3. The ineffectiveness of glutathione in reversing the depression of yeast 
respiration by basic phenylmercuric nitrate. Curve I, yeast control; Curve II, 
glutathione, 10~* m, added at 15 minutes; Curve III, basic phenylmercuric nitrate 
1.5 X 10-5 aM, present from the start; glutathione, 10-* mM, added at 15 minutes; Curve 


t from the start 


IV, basic phenylmercuric nitrate, 1.5 X 10° m, present f1 

Yeast Respiration—The previously reported experiments (2) showed 
that 10-* m cysteine or homocysteine (the highest concentrations that did 
not depress oxygen consumption) would protect yeast respiration against 
depression caused by adding 1.5 X 10-° m basic phenylmercuric nitrate 
after 30 minutes. In preliminary experiments these findings were con- 
firmed and it was found, in addition, that glutathione could be used in 
concentrations up to 10-3 m. Both concentrations (10-* m and 10~ ) of 
glutathione protected yeast against depression of respiration by 1.5 X 10% 
mM basic phenylmercuric nitrate. Similar results have been obtained with 
rat skin in place of yeast. 

Cysteine, 10 m, added at 15 or 30 minutes after the phenylmercuric 
nitrate, did not reverse the depressant action. Similarly, glutathione, 
10-* m or 10~ m, added 15 or 30 minutes after the mercurial, failed to 
reverse the depression. Results of a typical experiment with 10 M 
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glutathione are shown in Fig. 3; 10-* M glutathione gave almost identical 
results. 

As with cytochrome oxidase, l-tvyrosine, dl-serine, l-arginine, l-proline, 
di-lysine, dl-phenylalanine, dl-aspartic acid, and [-tryptophane in 10~ 
concentrations failed to protect yeast respiration against 1.5 xX 10-5 m 
basic phenylmercuric nitrate. In addition, /-histidine, was also ineffective. 
|-Cystine and d/-methionine had previously been shown to be ineffective in 
this respect (2). The amino acids in this concentration did not affect 
yeast respiration, thus confirming earlier findings (6) under somewhat 


different conditions. 


DISCUSSION 


These experiments and those reported earlier (1, 2) show that the basic 
phenylmercuric nitrate depression of cytochrome oxidase and of yeast 
respiration may be prevented by combination of the mercurial with a 
sulfhydryl-containing compound. After 15 minutes, phenylmercuric ni- 
trate inhibition of cytochrome oxidase could not be reversed by adding as 
high as 24 moles (12 equivalents) of cysteine or glutathione and the in- 
hibition of veast respiration could not be reversed by addition of as much 
as 66 moles (33 equivalents) of glutathione. Experiments, to be published 
elsewhere with G. W. Thomas, also show that the inhibitory activity of 
basic phenylmercuric nitrate on Escherichia coli, Eberthella typhosa, and 
Staphylococcus aureus can be prevented by cysteine, homocysteine, or 
glutathione, but not by cystine or methionine; to date, efforts to reverse 
this inhibitory activity by means of the sulfhydryl compounds have been 
unsuccessful. 

The experimental evidence at present available does not afford an 
adequate explanation of the findings. As a tentative working hypothesis 
it might be suggested that, while basic phenylmercuric nitrate may react 
with —SH groups in enzymes and depress those enzymes for which these 
groups are essential, thus accounting for the previously observed behavior 
with succinic dehydrogenase (1), it may not be specific for such groups but 
may also react with other groups present in the enzyme protein. This 
would explain the depression of cytochrome oxidase which does not require 

SH groups for its activity according to Barron and Singer (3). The 
alternative explanation would require that the basic phenylmercuric 
nitrate react irreversibly with essential —SH groups not accessible to the 
variety of reagents employed by Barron and Singer. This seems unlikely. 
Aside from the possibility offered by the behavior of histidine on cyto- 
chrome oxidase depression, which requires further study, the attempted 
use of the other amino acids as protecting agents throws no positive light 
upon the nature of other groups with which phenylmercuric nitrate 
might react. 
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SUMMARY 


The depression ol cytochrome oxidase actl\ ity and of yeast re spiration 


by basic phenylmercuric nitrate can be prevented by the sulfhydryl. 


th 


containing compounds, cysteine and glutathione. This depression cannot 
be reversed by adding the sulfhydryl compounds in great excess (12 to 33 


equivalents). Cystine, methionine, tyrosine, serine, arginine, proling 


lysine, pheny lalanine, aspartic ac id, and tryptophane, containing additional 
reactive groups, were ineffective in protecting cytochrome oxidase and 
yeast respiration from depression by basic phenylmercuric nitrate.  Histi- 
dine was likewise ineffective in protecting yeast respiration but did exert ; 


protective effect upon cytochrome oxidase 


BIBLIOGRAPHY 


1. Cook, E.8., Kreke, C. W., McDevitt, M. of L., and Bartlett, M. D., J. Biol. Chem 
162, 43 (1946 

2. Cook, E.8., Perisutti, G., and Walsh, T. M., J. Biol. Chem., 162, 51 (1946 

3. Barron, E.8.G., and Singer, T. P., J. Biol. Chem., 167, 221 (1945). 

4. Schneider, W. C., and Potter, V. R., J. Biol. Chem., 149, 217 (1943 

5. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 298 (1937 


6. Cook, E.8., Walter, E. M., and Eilert, M. R., Proc. Soc. Exp. Biol. and Med., 4, 


547 (1940 





al 


hi 


th 


ne: 


ratior 
vdryl. 
annot 
to 33 
roline 
tional 
e and 
Histi- 


XeIt 4 


Cham 


(1937 


FURTHER STUDIES ON THE AMINO ACID COMPOSITION 
OF SEED GLOBULINS 


By EMIL L. SMITH* ann RICHARD D. GREENE 


(From the Biological Laboratories, E.R Squi bb and Sons, New Brunswick) 
Received for publication, December 13, 1946 


With the recent important advances in methods of analysis of amino 
acids, our knowledge of the composition of many types of proteins is being 
rapidly extended. Microbiological procedures which have come to the fore 
in recent years provide relatively simple and rapid methods of assay, but 
strict controls are necessary in order to secure satisfactory results. Fre- 
quent checks with protein preparations of known reproducibility and 
composition are eminently desirable. For this purpose, any one of a 
number of easily prepared crystalline globulins from plant seeds should 
provide satisfactory standards, particularly since these proteins are readily 
obtainable in large quantities, which is not the case with many of the most 
suitable animal proteins. We have found the seed globulins to be ex- 
tremely useful for this purpose, and at the same time have extended our 
knowledge of the composition of these proteins. 

Data have recently been reported for the leucine, valine, phenylalanine, 
and tryptophane content of a group of seed globulins (Smith, Greene, and 
Bartner (1)). In this paper, attention will be given to the arginine, 
histidine, lysine, threonine, isoleucine, methionine, and cystine analysis of 
these proteins. The globulins of pumpkin and squash (Cucurbita moschata 
and Cucurbita maxima), watermelon (Citrullus vulgaris), cucumber (Cu- 
cumis sativus), and, for comparison with these members of the Cucurbita- 
ceae, edestin of hemp-seed and the globulin of tobacco seed were investi- 
gated. These proteins were all twice crystallized, and in some instances 
are the same preparations which have been analyzed previously (1, 2). In 
addition, control analyses were performed on a preparation of §-lacto- 
globulin made in this laboratory. This protein was crystallized three 
times by Palmer’s method (3), and was homogeneous electrophoretically. 
The preparation contained 15.65 per cent N (Dumas) when corrected for 
the ash and moisture content. All of the data presented below are for the 
anhydrous ash-free preparations. 


EXPERIMENTAL 


The microbiological assays were performed with Streptococcus faecalis 
by means of the procedure and growth medium described by Stokes, Gun- 
ness, Dwyer, and Caswell (4). The response of the organism was meas- 


* Present address, School of Medicine, University of Utah, Salt Lake City. 
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ured by titrating with 0.1 mM NaOH the lactic acid produced during 
growth. Hydrolysis was performed in the autoclave at 120° with 3 Mm HC) 
in sealed ampules. No differences were observed on samples which were 
hydrolyzed for 4 or 7 hours. After hydrolysis, the solutions were neu- 
tralized and then assayed by comparison with standard amino acid growth 
tubes. For each hydrolysate, the average of several measurements at 
different growth levels is reported as a single determination.' 

Arginine, Histidine, and Lysine Determinations—The results for the 
content of the basic amino acids are presented in Table I together with 
some of the more recent values in the literature. Within the experimental] 
errors, the data for arginine determined microbiologically are in excellent 
agreement with the values obtained by the diflavianate method (5). The 
data in Table I show that the microbiological determination of this amino 
acid is equally satisfactory for proteins of high arginine content, such as the 
seed globulins, and of low arginine content such as 8-lactoglobulin. 

The results for histidine are in good agreement with the recent deter- 
minations for this amino acid by Vickery and Winternitz (6) for edestin, 
pumpkin seed globulin, and watermelon seed globulin by the dichloro- 
benzenesulfonate method and also with the value obtained by Chibnall, 
Rees, and Williams (7) for edestin. Macpherson (8) has recently obtained 
a somewhat higher value by electrodialysis and colorimetry. The older 
data for the histidine content of these proteins have been reviewed recently 
(6). Our values for the histidine and lysine content of tobacco seed 
globulin are much higher than those obtained by Vickery, Wakeman, and 
Leavenworth (14) by the silver precipitation method. 

The lysine content of edestin as estimated microbiologically is in good 
agreement with the results of Chibnall, Rees, and Williams (7), and is only 
a little higher than the older value of Vickery and Leavenworth (9). 
Gale’s results (10) on edestin for lysine and histidine by the decarboxylase 
method are also in satisfactory accord with the other data. 

Our analyses for the basic amino acids of 8-lactoglobulin are in excellent 
agreement with the estimations of Stokes et al. (4), of Brand, Saidel, 
Goldwater, Kassell, and Ryan (15), and of other recent investigators 
(8, 16,17). The results obtained by Chibnall, Rees, and Williams (7) by 
isolation methods are also in satisfactory agreement for the arginine and 
histidine content of this protein, but their lysine value is somewhat lower 
than those found by other procedures. 

Acid-Combining Capacity—The acid-combining capacity of proteins is 
determined by the sum of the basic amino acids and of the free a-amino 
groups. Although data are lacking for the a-amino nitrogen, it is still of 

1 The technical assistance of Lois Herbert, Rachel Mato, and Helen Zeveney in the 


microbiological assays is gratefully acknowledged. 
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some interest to compare the analytical values for the basic amino acids 
with the available titration data for these prote ins The total basic amin 
acids have been computed in moles per 10° gm. of protein for the seed 
globulins, and are shown in the last column of Table I These values have 
been calculated from the data for the arginine content obtained by the 
diflavianate method (2, 5), and from those obtained microbiologically In 
this investigation for the histidine and lysine content of these proteins 
r all of these 
proteins. The higher value for the watermelon globulin reflects the high 


The com uted acid-combining Cu acity is very similar f¢ 
| 


arginine content of this protein. The lower content of basic amino acids ip 
the tobacco seed globulin is due to the low lysine content of this protein 

By measuring bound metaphosphorie acid, Perlmann (18) obtained for 
the acid-combining capacity of edestin 138 X 10~5 mole per gm. of protein 
Cohn (19) found 127 and Hitchcock (20) 134 XK 10~° mole per gm. of 
protein by direct titration, using E.M.F. measurements. These results may 
be compared with the value of 130 estimated from the content of the basi 
amino acids of edestin. 

In 1940 a sample of crystalline watermelon seed globulin was sent by 
Dr. H. B. Vickery to Dr. E. J. Cohn of the Department of Physical Chem- 
istry of Harvard University for estimations of the acid-combining capacity 
Dr. Gertrude E. Perlmann reported that, by the metaphosphate method 
(18), the average of six determinations was 146 X 10-° mole per gm. of 
protein. The content of the basic amino acids gives a calculated value of 
137. Thus, the higher acid-combining capacity of watermelon seed glo- 
bulin compared with edestin which can be computed from the analytical 
data is in agreement with the results obtained by metaphosphate-binding 
capacity. We are grateful to all concerned for permission to publish the 
metaphosphate result at this time 

Isoleucine and Threonine Content—The data for these amino acids are 
given in Table II. To the best of our knowledge, no previous determina- 
tions have been reported for these amino acids in any of the seed globulins. 
For 8-lactoglobulin, our result of 8.7 per cent isoleucine is in agreement 
with the 8.4 per cent reported by Brand, Saidel, Goldwater, Kassell, and 
Ryan (15), but is much higher than the 7.0 per cent found by Stokes, 
Gunness, Dwyer, and Caswell (4). On the other hand, our threonine 
value of 4.8 per cent is in accord with the 4.6 per cent obtained micro- 
biologically by Stokes e¢ al., but differs considerably from the 5.85 per cent 
reported by Brand et al. on the basis of determinations by periodate 
oxidation. 

Methionine Determinations—As will be shown below, our estimations of 
the cystine and methionine content have failed to account for the total 
sulfur content of these proteins. We have, therefore, given some attention 
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to the possible loss of methionine during hydrolysis. Experiments have 
heen performed in which we have varied the time and temperature ot 
hydrolysis in3~n HCl The results are presented in Table III. The data 


TABLE II 


Tsoleucine and Threonine Content of Seed Globulins 


I ne rhre 
Prote 

t - ' . ie a " vontent 

per cent per cent 
Edestin 3 6.21 4+ 0.14 3 3.14 + 0.20 
Pumpkin 3 9.08 + 0.13 3 2.58 + 0.06 
Squash 3 3.47 + 0.27 3 2.747 + 0.13 
Watermelor 3 5.69 + 0.12 3 2.95 + 0.15 
Cucumber 8) 5.47 + 0.31 3 3.59 + 0.14 
Tobacco 9 6.30 + 0.28 g 4.17 + 0.30 
8 Lactoglobulin 2 S. 4 + 0.0 2 1.79 + 0.10 


TABLE JII 
Vethionine Content of Seed Globulins 
The values are averages for two or more hydrolyses, and are given in per cent for 
the anhydrous ash-free proteins 


Hydrolysis 


Proteit Average Literature 
— — content values 
$hrs., 120° | 7 hrs., 120° | 10hrs., 120°; 20 hrs., 100° 
Edestin 2.23 2.15 2.19 2.30 2.22 2.39 (21 
2.35 (22) 
2.18 (23) 
2.80 (24)* 
Pumpkin 2.29 2.42 2.25 2.28 2.31 
Squash 2.37 2.34 2.31 2.23 2.31 2.39 (23 
Watermelon 2.85 2.82 2.69 2.73 2.77 
Cucumber 2.59 2.36 2.56 2.52 2.51 
Tobacco 2.21 2.16 2.11 2.46 2.18 
8-Lactoglobulin 2.93 2.93 3.22 (15 
2.5 (4) 


* This value is computed from the 1.41 per cent methionine N in per cent protein 
N reported by Riesen, Schweigert, and Elvehjem (24) using 18.65 per cent as the N 


content of anhydrous ash-free edestin. 


do not reflect any significant drift in the values, showing that destruction of 
methionine apparently does not occur. The data also demonstrate that 4 
hours at 120° suffice for complete liberation of the amino acid. Riesen, 
Schweigert, and Elvehjem (24), who have independently performed 
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similar experiments with casein, pork muscle, and soy bean oil meal, hay 
obtained results in agreement with ours 


Our value for the methionine content ot edestin is only slightly lower the 


than those reported by Baernstein (21) and Lugg (22). The result fo, mc 
squash seed globulin is ve ry ( lose to the determination of Hess and Sullivar in | 
23 The value for B-lactoglobulin is intermediate between the chemicg! Pa 
determination of Brand ef al. (15) and the microbiological estimation of | det 
Stokes et al 1). his 
Cystine and Sulfur Content—Table IV gives the data obtained for thy 
cystine content of the seed globulins by the photometric procedure & 
scribed by Kassell and Brand (25 The values are the averages of thre 
or four closely agreeing independent determinations for the sum of cysteine : 


and eystine.2. Our result for edestin is lower than the 1.44 per cent found mol 


TABLE [\ 
( fir nd Su ( S (; / ; 

. M S, | Totals 

rt . Li Aly 

Edestin 1.32 0.35 0.48 0.83 0). 88 
Pumpkin 1.12 0.30 0.50 0.80 0.99 Arg 
Squash 1.11 0.30 0.50 0.80 0.95 His 
Watermelon 1.10 0.29 0.60 0.89 1.06 Lys 
= 
Cucumber 1.06 0.2S 0.54 0.82 1.04 Thr 
Tobacco 1.11 0.30 0.47 0.77 1.03 Leu 
Iso] 
Vali 
99 9 . . Tyr 
by Lugg (22), but close to the value of 1.36 per cent reported bv Bailey Ty 
(26), and 1.27 per cent found by Hess and Sullivan (23). [Krishnan and! py, 
Krishnaswamy (13) found 1.23 per cent for watermelon seed globulin Met 
Hess and Sullivan (23) obtained 1.31 per cent for squash seed globulin.| 0.5 
The calculated values for cystine and methionine sulfur are given in| Tt 


-_ , . , . . 4) Mis: 
fable IV, and the total sulfur for these two amino acids is compared wit! 


the sulfur content of these proteins as found by analysis. The sulfur 
content of edestin is taken from Osborne (27), of tobacco seed globulin from Ree 
Vickery, Wakeman, and Leavenworth (14), and of the other seed globulins | _ lysi 
from Vickery, Smith, Hubbell, and Nolan (2). Hess and Sullivan (23)|  nall 
have reported 0.99 per cent sulfur in squash seed globulin. It is quite) — tyre 
apparent that the calculated sulfur content for all of these proteins, with the} fron 
possible exception of edestin, is lower than the sulfur found by direct} min 
analysis. diffe 
T 


2 We are indebted to Elliot Bartner for his cooperation in these determinations by ¢ 
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DISCUSSION 


Table V presents in summary form our knowledge of the composition of 
the seed globulins for which comparative values are available. Minimum 
molecular weights and the number of residues present have been calculated 
in order to bring out more clearly the relationships bet ween these proteins. 
Part of the data are taken from earlier investigations (1,2). ‘The arginine 
determinations are the values obtained gravimetrically (2, 5). The 
histidine content of edestin is the average of our value, that of Chibnall, 


TABLE \ 
Composit on of Seed Glob ilins 
The number of residues has been computed to the nearest integer for the minimum 


molecular weight (VM 














Edestin | Pumpkin Squash Watermelon| Cucumber | Tobacco 
iM 50,00 Me = 58,000)| (M 58 ,000)| (Af = 55,000)| (Mf = 55,000)|(M = 56,000 
Amino a . Z z. Z x? ; s z mn ~~ eae ¢ 
S 2 3s | 2 sia Sis cigai sig 
e/e/ei/e|/ ele] ele] 2/3] e|3 
v = O = v fo Y | mM] ee =x | o) = 

per per per | per per per 

cen cent cent ent | cent | cent 
Arginine 16.7 | 48 |16.2 | 54 /16.2 | 54 (17.9 | 57 [15.8 | 50 16.1 52 
Histidine 2.52} 8 | 2.22; 8 | 2.18} 8 | 2.20) 8 2.28) 8} 2.22) 8 
Lysine 2.35} 8 | 2.76) 11 | 3.01) 12 | 2.93) 11 | 2.94) 11 | 1.58) 6 
hreonine 3.14) 13 | 2.58) 13 | 2.77) 14 | 2.95] 14 | 3.59) 17 | 4.17) 20 
Leucine 7.4 | 28 | 8.0 | 35 | 8.0 | 35 | 7.5 | 31 | 9.1 | 38 [10.5 | 45 
Isoleucine 6.2 | 24] 5.1 | 23 | 5.5 | 24 5.7 | 24 5.5 | 23 | 6.3 | 27 
Valine 6.6 | 28 | 6.5 | 32 | 6.5 | 32 | 6.4 | 30 | 7.0 | 33 | 6.7 | 32 
Tyrosine 1.34) 12 | 4.36) 14 4.36) 14 4.57 14 | 4.60} 14 | 4.07] 13 
Tryptophane 1.23} 3/ 1.74] 511.74] 5] 1.86] 5 | 1.93} 6| 1.47] 4 
Phenylalanine 5.45} 16 | 7.2 | 25 6.8 | 24 | 7.7 | 26 6.5 | 22) 5.7 | 19 
Methionine 2.22} 8 | 2.31) 9 | 2.31) 9 | 2.77) 10 2.51; 9 | 2.18] 8 
0.5 cystine 1.32) 6| 1.12) 5) 1.11} 5/ 1.10) 5] 1.06) 5] 1.11] 5 
Total S 0.88) 14 | 0.99] 18 | 0.95) 17 | 1.06) 18 | 1.04) 18 | 1.03} 18 
Missing S 0.05 0.19} 4/0.15} 3 | 0.17) 3] 0.22) 4] 0.26) 4 


Rees, and Williams (7), and of Vickery and Winternitz (6). Likewise, the 
lysine content of edestin is the average of our determination, those of Chib- 
nall, Rees, and Williams (7), and of Vickery and Leavenworth (9). The 
tyrosine content of edestin is from Lugg (28), and of the other proteins 
from Vickery, Smith, Hubbell, and Nolan (2). The tryptophane deter- 
minations (1) are the averages of measurements made by two or three 
different methods. 

The non-identity in composition of these seed globulins is emphasized 
by the fact that different minimum molecular weights must be assumed for 
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each of them. For these calculations, greatest reliance has been placed on 
the analyses for tryptophane, ly sine, histidine, methionine, and tyrosine, 
The number of residues for each amino acid has been calculated to fit the 
assumed minimum molecular weights. In all cases, these calculated 
values are well within the experimental errors of the determinations. 

The variations among all of these proteins are minor in character. Even 
tobaceo seed globulin and edestin, which belong to different botanical 


} 


] 
vers 


families, are not remarkal ly outstanding in co1 \paris m with the mem 
of the Cucurbitaceae. Nevertheless, all of the different genera can be 
distinguished from each other by the results The pun pkin and Squash 
seed globulins do not reflect any differences which are significantly freater 
than the experimental errors involved in microbiological assays. 

The chief characteristic of the composition of these globulins is their high 
arginine content, and this is perhaps responsible for their low solubility in 
water or in salt solutions of low ionic strength. It is worth remarking here 
that Cohn and Hughes (Cohn (29)) have altered the solubility properties 
of serum albumins to those of globulins by guanidination of the free amino 
groups. 

In ‘Table V, we have taken the liberty of computing by difference the 
sulfur content of these proteins, which is not explained by their content of 
cystine and methionine. If a distinct amino acid were present, it would be 
found to the extent of 3 or 4 residues for the minimum molecular size. We 
feel that this is a sizable discrepancy, and well outside of the precision of 
these determinations. However, if these differences were due to errors of 
analysis, the true values for cystine or methionine would have to be sub- 
stantially higher. If there were an error in the cystine determinations, the 
results would have to be more than 50 per cent higher. If the micro- 
biological assay for methionine is incorrect, the values would have to be 
about one-third greater. It is difficult for us to believe that errors of this 
magnitude are involved. First of all, with edestin our results are in 
substantial agreement with those of previous investigators. Secondly, our 
analyses of a large group of immune proteins performed with the same 
methods under identical conditions satisfactorily account for the sulfur 
content of most of these proteins in terms of their cystine and methionine 
content (Smith and Greene, unpublished . 

Hess and Sullivan (23) found that their analyses of squash seed globulin 
account for the sulfur content of the hydrolysate, but that 11.8 per cent of 
the sulfur is lost during hydrolysis in volatile form. If the sulfur content 
of edestin is near 0.99 per cent, as was found by Hess and Sullivan and by 
others, rather than the older value of OSS per c nt report d by Osborne 
(27), the same discrepancy exists with this protein as with the other seed 


globulins. Hess and Sullivan feel that it is unnecessary to assume that 








ed on 
osine, 
it the 


late d 
Lions, 
Even 
nical 
nhe rs 
n be 
juash 


eater 


high 
ty in 
here 
rties 


mino 


» the 
nt of 
id be 
We 
mn. of 
rs of 
sub- 
, the 
cro- 
0 be 
this 
e in 
our 
ame 
fur 
nine 


ulin 
t of 
tent 
| by 
me 


ed 


¢ 
hat 


ic 





E. L. SMITH AND R. D. GREENE S41 


another type of sulfur exists in these proteins, but rather that “the volatile 
sulfur may be supposed to arise from cystine or cysteine, or more probably 
from methionine by virtue of the type of complex in the protein in ques- 
tion.” It should also be noted that Stokes et al. have observed for some 
proteins that the chemical determination of methionine gives higher 
results than the microbiological assay. Further studies are now in progress 
with some of the seed globulins in an attempt to elucidate the discrepancy 
in the sulfur values of these proteins 


SUMMARY 

1. The crystalline seed globulins of hemp (edestin), tobacco, and several 
species of Cucurbitaceae (squash, pumpkin, cucumber, and watermelon) 
have been analyzed for arginine, histidine, lysine, isoleucine, threonine, and 
methionine by microbiological assay with Streptococcus faecalis, and for 
cystine by a photometric method. Control analyses have been performed 
on B-lactoglobulin. 

2. The analyses for the three basic amino acids have been compared with 
the available data on the acid-binding capacity of these proteins. 

3. The sum of the cystine and methionine content of these proteins does 
not completely account for the sulfur content of these proteins. 

4. Minimum molecular weights and the number of residues contained in 
these proteins have been computed for those amino acids for which com- 
parative data are available. Differences among these seed globulins are 
demonstrated by the fact that different minimum molecular weights must 
be assumed. 
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Hexokinase was first discovered by Meyerhof (1). Later, through the 
work of von Euler and Adler (2), Meverhof (3), and Colowick and Kalckar 
(4) with partially purified preparations, it was established that, in the 
presence of hexokinase and Mg ions, the following reaction occurs, 

Adenosine triphosphate (ATP) + glucose — adenosine diphosphate (ADP) 
+ glucose-6-phosphate 

Phosphohexokinase has been studied only in crude tissue extracts 
(5-7). In analogy with the hexokinase enzyme, the reaction catalyzed by 
phosphohexokinase has been written as follows: 

ATP + fructose-6-phosphate — ADP + fructose-1,6-diphosphate 

The methods available for the quantitative assay of these enzymes are 
based on phosphate transfer determinations and pH change of the reaction 
mixture. ‘They require large quantities of adenosine triphosphate and, for 
estimation in crude tissue extracts, the addition of inhibitors such as iodo- 
acetate and sodium fluoride (7). The purpose of this paper is to report a 
simple and rapid spectrophotometric method by which the rates of phos- 
phorylation by the enzymes hexokinase and phosphohexokinase can be 
measured. 

Recently, spectrophotometric tests for the other principal enzymes of the 
glycolytic system of carbohydrate breakdown have been developed, mainly 
by Warburg and his collaborators. These methods should prove useful 
tools in the study of disturbances of carbohydrate metabolism, such as 
those described for tumor tissues. It should be emphasized, however, that 
several of them are not suitable for crude tissue extracts and considerable 
modification may prove necessary to adapt the methods for such purposes. 


KXPERIMENTAL 
Methods 
Principle—The method is based on the oxidation of reduced diphos- 
phopyridine nucleotide (reduced DPN). This process, which is measured 
by the decrease of absorption at 340 mu , is brought about by the reaction 


Dihydroxyacetone phosphate + reduced DPN = a-glycerophosphate + DPN 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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This reaction is catalyzed by a-glycerophosphate dehydrogenase. 
Dihydroxyacetone phosphate is formed from fructose-1 ,6 diphosphate by 
the enzyme aldolase. These two enzymes, a-glycerophosphate dehydro- 
genase and aldolase, which are present in large quantities in rabbit musele 
extracts must be added in excess to the spectrophotometric test system, 
In the hexokinase test the enzymes phosphohexoisomerase and phospho- 
hexokinase must also be present in excess. Under these conditions the 
phosphorylating enzymes can be measured, since their concentration repre- 
sents the limiting factor of the over-all reaction rate 

Spectrophotometric Test System—A Beckman quartz spectrophotometer 
was used for activity measurements and the readings were taken at 340 my, 
The solutions were pipetted into quartz cells. The control cell contained 
all the solutions with the exception of reduced DPN. When crude enzyme 
systems such as tissue homogenates or extracts were used, another control 
cell was set up which contained all the solutions except for the substrate. 
This was done in order to correct for other enzymes in the crude system, 
since small quantities of substrates such as pyruvic acid, oxalacetic acid, 
a-ketoglutaric acid, or glycogen, which may also be present in the tissues, 
could give rise to a considerable blank reading. ‘The spectrophotometric 
method was found suitable for enzyme determinations in tissue homogen- 
ates or extracts, provided that enzymatic activity of the phosphorylating 
enzymes was large enough to allow for suitable dilution. ‘The composition 
of the test system was as follows: 

De le rmination of Phosphohexokinase Activ ty The solutions were as 
follows: 0.1 M ammonium phosphate buffer, pH 7.6, 0.1 ml.; 0.1 per cent 
reduced diphosphopyridine nucleotide 0.1 ml.; 0.1 per cent (protein con- 
centration) of a-glycerophosphate dehydrogenase + aldolase 0.05 to 03 
ml.; 0.4 per cent adenosine triphosphate 0.1 ml.; 0.07 m MgCl, 0.1 ml.; 
0.1 m fructose-6-phosphate 0.1 ml.; phosphohexokinase (enzyme solution 
to be tested) 0.02 to 0.2 ml.; distilled water to bring the final volume to 3 ml. 

Determination of Hexokinase Activity—The solutions were as above. 
0.03 per cent (protein concentration phosphohexokinase, 0.05 to 0.3 ml.; 
0.24 m glucose, 0.08 ml., instead of fructose-6-phosphate as substrate; and 
hexokinase (enzyme solution to be tested), 0.02 to 0.2 ml., were also added. 

Protein Determination—Protein concentrations were determined colori- 
metrically by the quantitative biuret reaction (8) or spectrophotometrically 
at 280 mu, corrected for nucleic acid impurities according to Warburg and 
Christian (9). 

Materials—Fructose-6-phosphate, adenosine triphosphate, and diphos- 
phopyridine nucleotide (DPN), were prepared as described previously (10). 
Reduced DPN was prepared according to Ohlmeyer (11) 

a-Glycerophosphate Dehydrogenase and Aldolase—These enzymes were 
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prepared as follows: A rabbit was anesthetized with nembutal and bled to 
death from the carotid arteries. The animal then was skinned and evisce- 
rated and brought into the cold room at 2°. All the following operations 
were carried out at this temperature. The muscles were excised and passed 
twice through a meat mincer. The minced muscle was extracted twice for 
15 minutes with an equal volume of 0.003 nN KOH and pressed through 
several layers of cheese-cloth. 0.25 volume of ammoniacal ammonium 
sulfate, pH 8.3, saturated at room temperature, was added to bring the 
extract to 20 per cent saturation! with ammonium sulfate. The mixture 
was filtered by suction through a layer of Super-Cel. The clear filtrate was 
brought to 50 per cent saturation! with ammonium sulfate by further 
addition of 0.6 volume of saturated ammonium sulfate. It was left in the 
cold room for 10 minutes; then the precipitate was centrifuged down and 
collected in a small volume of 0.01 mM ammonium phosphate buffer, pH 7.6, 
and stored as a thick paste in the ice box. This fraction, which has a very 
high phosphohexokinase activity, was used for further purification of this 
enzyme. 

To the clear supernatant of the muscle extract solid ammonium sulfate 
was added to bring the saturation from 50 to 70 per cent. It was left 
standing in the cold room for 20 minutes and then filtered through 
large fluted filter papers overnight. The precipitate on the filter papers 
was scraped off and stored in the ice box as a thick paste. This fraction 
represents a crude preparation of the a-glycerophosphate dehydrogenase 
and aldolase enzymes which are required for the spectrophotometric 
test system. Phosphohexoisomerase is also present in this fraction in 
sufficient quantities so that it does not represent the limiting factor when 
the activity of hexokinase is measured. As a paste this fraction can be 
stored in the ice box for several months (see Table I). Since a decrease 
of activity occurs during this period, the amount of diluted stock solution 
to be added to the spectrophotometric system has to be determined weekly, 
to insure the addition of an excess of a-glycerophosphate dehydrogenase and 
aldolase to the test system. Approximately 20 to 80 of protein per ml. 
are required for the test. At these dilutions of the stock solution, which 
should be made in distilled water, phosphohexokinase or phosphorylase 
activity is usually not detectable. 

Phosphohexokinase—The muscle extract fraction obtained between 20 
and 50 per cent ammonium sulfate saturation contained most of the 
phosphohexokinase activity present in rabbit muscle extract. For further 
purification the thick paste was dissolved in 0.01 M ammonium phosphate 
buffer, pH 7.6, and brought to a volume of 200 ml. Ammoniacal ammo- 


‘Not corrected for solubility changes at lower temperatures 
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nium sulfate was added and again the fraction between 20 and 50 per cent 
saturation collected. The precipitate was taken up in 50 ml. of 0.01y 
ammonium phosphate buffer and a fractional ammonium sulfate precipita- 
tion was carried out, 5 to 10 ml. of saturated ammonium sulfate being added 
each time to the supernatants obtained after centrifugation. The precipi- 
tates were collected in small volumes of 0.01 M ammonium phosphate 
buffer, pH 7.6, and tested for phosphohexokinase activity and protein con- 
centration. Usually the fractions obtained between 35 and 45 per cent 
ammonium sulfate saturation contained the greatest specific activity (en- 
zyme activity per mg. of protein). 1 y of protein of this fraction per ml. of 
the spect rophotometric test system was a suitable amount to follow the 
phosphorylation ol fructose-6-phosphate spectrophotomet rically. Con- 
siderable further purification was obtained by heating this fraction at 56° 
for 4 minutes with little loss of activity. The insoluble precipitate was 
discarded. 

Hexokinase—This enzyme was prepared from monkey brains.? The 
brains were ground in a Waring blendor in the cold room with 6 to 8 volumes 
of acetone which had been previously cooled to —7°. The precipitate was 
quickly centrifuged down, washed twice with cold acetone and ether, then 
dried, and stored in a vacuum desiccator. The dried powder was extracted 
several times with 5 volumes of 0.01 mM ammonium phosphate buffer, pH 
7.6, for 20 minutes at +2° (four to five extractions were usually required). 
To the combined extracts saturated ammonium sulfate (pH 8.3) was added 
and the fraction bet ween 30 and 50 per cent saturation, which showed the 
highest specific activity, was collected. This material was used for 
spectrophotometric studies and showed no blank reading in the absence of 
substrate. 

Crystalline Hexokinase—A preparation of this enzyme from yeast (12 
was kindly given to us by Dr. 8. P. Colowick. 

Results 

Properties of Test Enzyme Preparation—To the enzyme preparation 
obtained from rabbit muscle extract by fractionation with ammonium 
sulfate between 50 and 70 per cent saturation, fructose-1 ,6-diphosphate 
(hexose diphosphate HDP) and reduced DPN were added. The reoxi- 
dation of reduced DPN was measured by the decrease in absorption at 
340 mu. The relationship of the rate of this change to the amount of 
enzyme preparation added to the system is recorded in Table I. 

The two enzymes involved in this reaction, namely the a-glycerophos- 


? This material was kindly given to us by Dr. Robert Ward. The monkeys wer 
sacrificed for other experimental purposes and the brains removed within 30 minutes 


after death. 
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phate dehydrogenase and aldolase, were demonstrated separately by ana- 
lyzing the reverse reaction. With an excess of a-glycerophosphate and 
DPN, in the presence of the test enzyme preparation, hydrogen is trans- 
ferred from a-glycerophosphate to DPN, resulting in the formation of 
dihydroxyacetone phosphate and reduced DPN. The appearance of the 
latter substance was followed spectrophotometrically by the increase in 
absorption at 340 my (Fig. 1). After the reaction had reached equilibrium, 
HDP was added. By the action of the enzymes aldolase and triose phos- 
phate isomerase, which are both present in the test enzyme preparation, 


TABLE | 


} fect of Enzyme Concentration on Hexose Diphosphate Utilization by 
T¢ st Enzyme Mizture 


> 


The final concentration of the solutions in a 3 ml. volume were the following 
ammonium phos phate buffer 0.0033 mM; reduced diphosphopyridine nucleotide 0.00005 
u; fructose-1,6-diphosphate 0.0033 m. The control cell contained all solutions 
except reduced DPN. Readings were made at 340 mg. 


Preparation No lest enzyme mixture Decrease, log Specific activity * 
Ist min 

m pr cin 

9 0.0135 0.016 1.19t 
0.027 0.036 1.33 
0.054 0.075 1.39 
0. 10S 0.150 1.39 

S (after 2 duvs storage 0.012 0.024 2.0 
0.024 0.055 2.3 
0.030 0.072 2.4 

ee ¢ wke 0.036 0.060 1.67 


*Specific activity is defined as the decrease of log Jo/7 during the Ist minut: 
calculated per mg. of protein 

t With some preparations a more rapid decline in activity was observed on dilu 
tion. These preparations were just as suitable for use in the spectrophotometric 


test system 


dihydroxyacetone phosphate is rapidly formed from hexose diphosphate. 
The equilibrium of the a-glycerophosphate dehydrogenase system, which is 
in favor of a-glycerophosphate formation, was thus shifted owing to the 
accumulation of dihydroxyacetone phosphate, and the reduced DPN was 
reoxidized (Fig. 1). 

It may be pointed out that the same procedure can be used for the 
quantitative determination of aldolase activity if partially purified 
a-glycerophosphate dehydrogenase, free of aldolase, is used. This can be 
accomplished by a purification procedure outlined by Meyerhof and Beck 
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(13) for the preparation of triose phosphate isomerase free of aldolase. By 
the use of saturated ammonium sulfate in a 0.01 M citric acid glvcerophos- 











MIN 

Fic. 1. Spectrophotometric demonstration of a-glycerophosphate dehydrogenas 
and aldolase in the test enzyme mixture; determination of aldolase activity. Intoa 
quartz cell of a Beckman spectrophotometer were pipetted 2.5 ml. of distilled water 
0.3 ml. of a 30 per cent solution of sodium glycerophosphate (Merck), 0.1 ml. ofa 
0.1 per cent test enzyme solution (50 to 70 per cent ammonium sulfate saturation fra 
tion). To this mixture 0.1 ml]. of 0.1 per cent diphosphopyridine nucleotide was 
added in Experiment 1 (Curve 1); 0.1 ml. of 0.3 per cent diphosphopyridine nucleotide 
was added in Experiment 2 (Curve 2). At the time indicated by the arrow, 0.0 
ml. of a 0.02 m potassium fructose-1,6-phosphate solution was added. For Expen- 
ment 3 (Curve 3) 0.15 ml. of 0.1 per cent diphosphopyridine nucleotide instead of 
0.1 ml. was added. 0.1 ml. of a 0.006 per cent solution of the partially purified a- 
glycerophosphate dehydrogenase preparation was used. At the point indicated by 
the second arrow a partially purified preparation of aldolase was added 


phate buffer at pH 5.0, a-glycerophosphate dehydrogenase can be pre- 
cipitated between 58 and 65 per cent ammonium sulfate saturation. 1 
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suitable dilution of this fraction the oxidation of a-glycerophosphate was 
followed spectrophotometrically (Fig. 2). Addition of hexose diphosphate 
at the end of the reaction was without effect. On addition of aldolase 
rapid oxidation of reduced DPN occurred. The velocity of this reaction 
was proportional to the amount of aldolase added (Fig. 1). 
Spectrophotometric Determination of Phosphohexokinase Activity—To 
measure the activity of this enzyme, which catalyzes the phosphorylation 
of fructose-6-phosphate to fructose-1 ,6-diphosphate, the reaction described 
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GAMMA PROTEIN /mt 
Fic. 2. Quantitative spectrophotometric determination of phosphohexokinase 
activity. Test system as described in methods for the determination of phospho- 
hexokinase activity. For phosphohexokinase the precipitate obtained from rabbit 
muscle extract between 35 to 45 per cent ammonium sulfate saturation was used. 


above can be used. When fructose-6-phosphate, instead of hexose diphos- 
phate, was added to the test enzyme preparation, no decrease in reduced 
DPN occurred. On addition of phosphohexokinase, rapid disappearance 
of reduced DPN was observed (Table II). It is known that ATP and 
MgCl, are activators of this reaction. This is shown in Table II. It may 
be noted that, compared to the manometric method, much smaller 
amounts of ATP were required. When glucose was added instead of 
fructose-6-phosphate, no hexokinase activity was detected, although 10 
times as much phosphohexokinase was used. 
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Pas.e II 
S pects hotomet Det Line f P} phoherokina f kifect of Sul sp 
pectropho é eclermination 0, os phone in r j / flect of Substrate 
VoCl 17P, and Dilution with Distilled Water on Phosphohexokinase Activity ma 
Solutions as described under ‘‘Methods.’’ In Experiment 8 the phosphoh« mi 
kinase preparation was diluted with distilled water and left for 1 hour at roon the 
temperature. [Experiment 7 is the control, diluted with 0.01 w ammonium phosphat, ph 
buffer, pH 7.6, and left 1 hour at room temperature ie 
Decrease 
Experiment Addit Phosphe ©) lo Se 
hexokinase 1 
m7 & pr na 
| NigC] ATP Fructose 6-phosphate 0.000 () 
2 0.006 0.120 1) 
; 0.006 0.00 0 
f \TP 0.006 0.018 
5 MgCl., ATP 0.060 Glucose 0.00 0) 
6 ; 0.006 Ciluc se-6-phosphate 0.104 17 
7 0.006 Fructose-6 phosphate 0.0908 16 
~ 0.006 0.004 0.66 


* Small amounts of Mg are present in the te 


st enzyme 


mixture 
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prepared in 10 volumes of distilled water at 0 homogenates were centrifuged 
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6 \louse brain extract 0.Ud | ructose-0 | hosphate U 02] 0 4}? w an 
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pat ts in 2} 
6 0.15 0.057 0.38 
on Was ¢ 
6 0.10 Cilucose 0.031 0.31 r 
- rica 
é homogenate 0.25 ] ructose-6b phosphate 0.0458 0 192 
7 0.50 0.094 | 0.188 
7 0.25 Glucose 0.060 | 0.24 inact 
7 Rabbit muscle extract 0) 036 Fructose b phosp imte 0. OS4 2 34 purif. 
minu 
— © : : re lost ¢ 
In Fig. 2 the relationship of enzyme concentration to enzyme activity 5 | boil 
t : OLE C 


plotted. The range of phosphohexokinase activity that can be determined 


accurately is quite narrow and suitable dilutions must be made for the 
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spectrophot ometric test. The high sensitivity of the spectrophotomet ric 
method, on the other hand, makes determinations of enzyme activity in 
brain extracts or homogenates possible (Table II1), since the turbidity of 
the homogenate or extract does not interfere. All dilutions of the phos- 
phohexokinase preparation were made in 0.01 M ammonium phosphate 
buffer, pH 7.6, since dilution in distilled water resulted in more rapid 





FRUCTOSE 








0 , 3 ‘ 
GAMMA PROTEIN/mt 

Fic. 3. Quantitative determination of phosphohexoisomerase activity. The 
test enzyme mixture obtained from rabbit muscle extract by precipitation between 
5 and 70 per cent ammonium sulfate saturation was used in this experiment to dem- 
onstrate the presence of phosphohexoisomerase. Fructose-6-phosphate, 0.002 
in 2 ml. final volume, was added. After 10 minutes incubation at 37° the mixture 
was deproteinized with trichloroacetic acid and fructose was determined colorimet- 
rically 


inactivation of the enzyme. This latter effect was especially marked with 
purified phosphohexokinase preparations (see Table II). After a few 
minutes at room temperature the enzyme diluted in distilled water usually 
lost considerably in activity and could not be reactivated by addition of 
boiled tissue extract. 

Spectrophotometric Determination of Hexokinase Activity—This enzyme 
catalyzes the phosphorylation of glucose to glucose-6-phosphate. To 
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measure hexokinase activity by the reaction described above, it was found 
essential that all other enzymes leading to the formation of hexose diphos. 
phate be present in excess. Phosphohexokinase must be added. Of the 
purified preparation described under “Methods” 10 to 15 y per ml. were 
added to the test system. The enzyme phosphohexoisomerase, which 
catalyzes the reaction glucose-6-phosphate to fructose-6-phosphate, was 
found to be present in sufficient quantities in the test enzyme fraction (50 to 
70 per cent ammonium sulfate saturation). The activity of this isomerase 
was measured by the use of the color reaction for fructose as described by 
Roe (14 In the presence of the enzyme, fructose-6-phosphate was con- 


TABLE I\ 
Spectrophotometric Determination of Purified Hexokinase Preparations 


Solutions as described under ‘“‘Methods”’ for determination of hexokinase activity, 
The hexokinase preparation obtained from monkey brains is also described in 
~ Methods.” 


f 
Decrease, log - : 


Enzyme preparation Protein Substrate I Specific activity 
(ist min 
me. 

Purified hexokinase 0.000 Glucose 0.000 0 
monkey brain 0.0048 _ 0.019 3.96 
0.0096 “ 0.036 3.75 
0.00144 ” 0.051 3.54 

0.00144 0.000 0 
Crystalline* hexo- 0.0012 Glucose 0.038 31.7 
kinase (yeast 0.0024 0.073 30.4 

0.0024 0.000 0 


* The solution of this preparation had been stored in the frozen state. It had lost 


considerably in activity according to a manometric activity determination made by 
Dr. S. P. Colowick. 


verted into glucose-6-phosphate and the color reaction given by the 
deproteinized mixture after 10 minutes incubation at 37° diminished i 
proportion to the concentration of enzyme added (Fig. 3). The phospho- 
hexoisomerase in the experiments described in Fig. 3 was a dilution of the 
enzyme preparation used for the spectrophotometric test system. That 

the phosphohexoisomerase does not represent a limiting factor in the | 
determination of hexokinase could also be shown by the fact that glucose- 
6-phosphate was utilized nearly as rapidly as fructose-6-phosphate in the 


spectrophotometric test system (see Table II). 
In Table IV the hexokinase activity of a partially purified preparation 
from monkey brains at different dilutions is recorded. No activity was 
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noted in the absence of glucose. The rate of disappearance of reduced 
DPN was found to be proportional to the amount of hexokinase added. 
For comparison, the activity of a preparation of crystalline hexokinase is 
also recorded in Table IV. 

DISCUSSION 

Early in this work attempts were made to use the spectrophotometric 
test for the glyceraldehyde phosphate dehydrogenase (15) as the basic 
reaction for measuring the activity of phosphorylating enzymes. Crystal- 
line preparations of glyceraldehyde phosphate dehydrogenase and aldolase 
(16-18) were therefore prepared. All attempts to measure phosphohexo- 
kinase and hexokinase activity by this method failed, however. This 
failure was later found to be due to the presence of a-glycerophosphate 
dehydrogenase in the added tissue extracts. The equilibrium of the re- 
action catalyzed by this enzyme is far to the side of glycerophosphate 
formation. ‘Therefore, the reduced DPN which was first formed by the 
action of the glyceraldehyde phosphate dehydrogenase was rapidly re- 
oxidized by the a-glycerophosphate dehydrogenase. The end-result was 
a dismutation of the triose phosphate into a-glycerophosphate and phos- 
phoglyceric acid, with no final change in DPN. 

This is the main reason why the a-glycerophosphate dehydrogenase has 
been used for the principal reaction. In the presence of the triose phos- 
phate isomerase, and in the absence of arsenate, the equilibrium is so 
favorable for a-glycerophosphate formation that no serious disturbance is 
introduced even in the presence of glyceraldehyde phosphate dehydro- 


genase. 


SUMMARY 


A spectrophotometric method for the determination of phosphohexoki- 
nase and hexokinase has been desciibed. This method has been used to 
measure these enzymes in brain extracts 
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During recent years the réle of the system, glutamic acid-glutamine, in 
the metabolism of living organisms has attracted increasing attention (2). 
A study of free and combined glutamic acid in human blood under physio- 
logical and pathological conditions has been impossible because of the lack 
of adequate methods for the determination of the amino acid and its 
derivatives in small amounts. Microbiological methods are not applicable 
at present to the determination of glutamic acid in the presence of gluta- 
mine. The recent observation of the effects of the administration of 
glutamic acid to patients suffering from epilepsy (3, 4) and to mentally 
retarded subjects (5) makes a knowledge of the levels of free and combined 
glutamic acid in human blood particularly desirable. The occurrence of 
glutamic acid as its amide in blood plasma has been made reasonably 
certain by indirect methods. The estimation of the amino acid content 
by the ninhydrin-carbon dioxide method before and after conversion of 
glutamine into pyrrolidonecarboxylic acid (6) and the determination of 
ammonia liberated by the action of acid (7) or glutaminase (8) have 
furnished values of 5 to 12 mg. of glutamine per 100 ml. of human plasma. 

A recently developed micromethod for the determination of glutamic acid 
offers the possibility of studying the occurrence of free glutamic acid in 
blood plasma and serum, since the free amino acid may be determined in 
the presence of a large excess of the amide (9). Estimation of glutamic 
acid, after an acid hydrolysis which converts glutamine quantitatively 
into glutamic acid, should give values corresponding to the sum of free 
glutamic acid and glutamine. Since no conclusive proof can be offered 
that the glutamic acid liberated in plasma or serum by such hydrolysis is 
derived exclusively from glutamine, this fraction will be designated as 
“apparent glutamine.” 

Estimation of glutamic acid under the conditions of protein hydrolysis 
offers a procedure for determining the total glutamic acid content of pro- 
tein-free serum filtrates. 

* This work was aided by a grant from the Williams-Waterman Fund of the Re- 
search Corporation. A preliminary report has appeared elsewhere (1). 
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EXPERIMENTAL 


The determination of glutamic acid was carried out as described pre- 
viously (9) with a minor modification: 2 ml. of alcoholic KOH (3.5 ml, of 
15 Nn KOH to 20 ml. with absolute ethanol) were added to the 5 ml, of 
final borate solution instead of the separate addition of 2 ml. of ethanol 
and 1 ml. of 5N NaOH. The final volume is thus reduced from 8 to 7 ml. 
and the color developed per ml. is intensified by a factor of 1.14. In a 
study of the influence of varying concentrations of lactic acid on the 
recovery of glutamic acid, it was found that amounts of lactic acid which 
would correspond to 200 mg. per 100 ml. of plasma decreased the recovery 
of glutamic acid if the “acid alumina”’ was not freshly prepared. 

Ascorbic acid, pyruvic acid, ketoglutaric acid, phenylpyruvic acid, and 
creatine, corresponding to concentrations in plasma up to 3 mg. per 
100 ml., were submitted to the procedure and did not furnish additional 
color in the final test solution. Heparin, the anticoagulant used in the 
experiments, did not interfere when tested in amounts up to 5 mg. per 100 
ml. of plasma. 

For the estimation of the ‘‘apparent glutamine,” conditions for the 
quantitative hydrolysis of glutamine to glutamic acid had to be selected, 
Only a portion of the glutamic acid present as glutamine may be deter- 
mined by our method under conditions of hydrolysis which liberate all 
the glutamine amide nitrogen as ammonia, presumably because the 
conversion of glutamine to glutamic acid and ammonia proceeds through 
the intermediate formation of pyrrolidonecarboxylic acid. For instance, 
heating at 70° for 2 hours in a solution of 10 per cent trichloroacetic acid 
(7) yielded 16 per cent of the equivalent amount of glutamic acid and heat- 
ing for 5 minutes in 2 N HCl only 50 to 60 per cent. In accordance with 
Wilson and Cannan (10) a constant and theoretical yield of glutamic acid 
was obtained from pyrrolidonecarboxylic acid after hydrolysis in 2 x 
HCl for 2 hours at 90-95° or 1 hour at 100°. ‘Two samples of glutamine, 
for which we are indebted to Dr. H. B. Vickery and Dr. M. M. Harns, 
respectively, gave maximal and constant glutamic acid values, correspond- | 
ing to 95 to 97 per cent of the theoretical amount, after 45 to 60 minutes | 
hydrolysis at 100° in 2 N HCl. Trichloroacetic acid filtrates of blood | 
plasma, brought to a concentration of 2 N HCl, gave constant values of 
glutamic acid after heating for 45 to 60 minutes at 100°. 

The blood was obtained from healthy, fasting subjects. Heparin 
(Lederle), in the proportion of 1 mg. to 50 ml. of blood, was used as the 
anticoagulant. The ultrafiltration of serum was carried out at 4° with | 
cellophane membrane No. 600. | 

The protein-free filtrates of plasma and serum were prepared by the 
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addition of 1 volume of 15 per cent trichloroacetic acid to 2 volumes of 
plasma or serum. For the determination of free glutamic acid, 8 ml. of the 
filtrate were neutralized with NaOH (bromothymol blue) and diluted to 
10 ml. with water. 2 ml. of this solution, corresponding to 1.07 ml. of 
original serum or plasma, were used in each determination. For the 
determination of ‘apparent glutamine,” 1 ml. of 6 N HCl was added to 
2? ml. of the trichloroacetic acid filtrate in a 10 ml. volumetric flask which 
was heated in a bath at the temperatures and for the periods of time 
specified in the particular experiments. After hydrolysis, the content of 
the flask was neutralized, brought to volume with water, and 2 ml., corres- 
ponding to 0.267 ml. of the original serum or plasma, were taken for a 
determination. 

With 60 minutes hydrolysis in 2 Nn HCl, a glucose concentration up to 
30-fold that of glutamic acid did not interfere with the determination 
of the amino acid. However, in the presence of an excess of glucose, 
hydrolysis with constant boiling HCl gave rise to carbonyl compounds 
(levulinic acid) which appear as hydrazones in the final test solution (see 
Table 1). Therefore, for the determination of the total glutamic acid in 
ultrafiltrates, alkaline hydrolysis was used. 

With hydrolysis in 3 nN KOH for 6 hours at 112°, 93 to 100 per cent of the 
glutamic acid present was recovered from pure solutions or from proteins. 
The addition of 100 times the amount of glucose did not influence the 
recovery of glutamic acid. 

1 ml. of ultrafiltrate of serum was hydrolyzed after the addition of 0.3 
ml. of 15 N KOH and 0.2 ml. of water in an alkali-resistant bomb tube at 
112° for 6 hours. The alkaline (3 nN) solution was transferred into a 10 ml. 
volumetric flask, neutralized with dilute HCl, and made to volume; 2 ml. 
were taken for a single determination. 

The determinations reported in this paper were carried out in triplicate. 
The standard error in per cent glutamic acid for the determinations of 
free glutamic acid equaled +0.6 per cent and that for the “apparent 
glutamine” +0.2 per cent (11). 

All values, save those obtained after alkaline hydrolysis, are corrected 
for the cystine content of 1 mg. per 100 ml. of plasma or serum (12) by the 
deduction of 0.1 mg. per 100 ml. from the final figure. Any glutamine 
present is removed to the extent of 99 per cent by our method (9). The 
values of free glutamic acid are not corrected for the retention of 1 per cent, 
which would correspond to approximately 0.1 mg. of glutamic acid per 
100 ml., since the conclusions regarding the behavior of glutamine are 
based on experiments in which glitamine isolated from natural sources 
was used. It cannot be excluded that the samples contained 1 per cent 
of glutamic acid. 
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RESULTS AND DISCUSSION 


The agreement between the values obtained for “apparent glutamine” 
plus free glutamic acid in trichloroacetic acid filtrates and ultrafiltrates 
(Table I) shows that no significant amounts of glutamic acid are lost by 
the deproteinization with trichloroacetic acid. Alkaline hydrolysis of the 
ultrafiltrate of serum under the conditions of protein hydrolysis furnishes 
an additional amount of glutamic acid of approximately | mg. per 100 ml 
This fraction probably has its origin in some peptide. 

Free glutamic acid varied in serum and plasma from 0.6 to 1.7 mg. per 
100 ml. (Table II). In order to exclude the possibility that the free 
glutamic acid had originated from another glutamic acid fraction in vitro 
after the venipuncture, serum was incubated for 30 minutes at 37° and 
the free glutamic acid redetermined. In two experiments of this kind, the 
values of free glutamic acid before and after incubation agreed within the 
error of the method. The occurrence of compounds simulating the 
behavior of free glutamic acid and inaccessible to us for a test of inter- 
ference cannot be excluded entirely. 

The “apparent glutamine” (hydrolyzed minus free) in plasma and serum 
varied between 8 and 12.1 mg. per 100 ml., the free glutamic acid compris- 
ing 7 to 14 per cent of the total. In three out of four experiments in 
which a comparison between the concentrations of “‘apparent glutamine” 
in plasma and serum was made, the plasma contained less than the serum. 
It has been shown that the amino acid content of serum is greater than 
that of plasma, the difference increasing with the time elapsed between 
drawing the blood and analysis (13). Since, in our experiments, the 
serum was separated within 90 minutes after the blood was drawn, no 
large differences could be expected, even if the change in glutamic acid 
content was proportional to that of the total amino acid content in serum 
and plasma. 

It is most probable that the ‘‘apparent glutamine’”’ is derived largely from 
the glutamine present in plasma and serum. The values found by us are 
in the range of those reported by others with different methods (2, 6-8). 
It is unlikely that significant quantities of glutamic acid were liberated 
from peptides, since the hydrolysis curves of plasma filtrates attain a 
constant level under the conditions of hydrolysis employed to convert 


glutamine into glutamic acid. 


SUMMARY 


With the aid of a recently developed micromethod, the different fractions 
of glutamic acid in protein-free filtrates of human blood plasma and serum 
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TABLE I 


Glutamic Acid Concentration After Hydrolysis in Trichloroacetic Acid Filtrate and 
Ultrafiltrate of Serum 


Glutamic acid after hydrolysis 


2 N HCl, 2 hrs., 90-95 | 3 KOH, 6 hrs., 112°| 6s HCl, 15 hrs., 122° 


Serum N« 
a Ultrafiltrate Ultrafiltrate Ultrafiltrate 
mg. per cent mg. per cent meg. per cent mg. per ceni 
l 11.7 11.7 
2 13.3 13.4 
3 9 .6* 10.8 14.6 
{ 10.9* 12.3 13.3 
5 9.4* 10.3 11.3 
6 9.3 10.7 11.2 
*] hour at 100 
TABLE II 


Free Glutamic Acid and ‘Apparent Glutamine’’ Concentrations in Protein-Free 
Filtrates of Human Blood Plasma and Serum 


Glutamic acid 


Free =. Free hydrolysis erat, 
me. me. meg. | me. mg. 
per cent per cent per cent | percent per cent 
Dec. 1, 1945 W 1.1 12.0 
Jan. 25, 1946 0.9 | 13.0 1.2 11.0 9.8 
June 11, 1946 - 10 | 10.9% | 9.9 
Dec. 15, 1945 EK 0.9 9.6 
Jan. 18, 1946 “ 1.0 10.8 0.7 10.3 9.6 
May 31, 1946 ~ | 1.2 9.6* 8.4 
Dec. 19, 1945 &B 1.1 | 10.9 
Jan. 22, 1946 : 1.3 12.0 | 1.38 | 11.9 | 10.6 
June 5, 1946 ng 1.7 11.8* | 10.1 
Dec. 28, 1945 s 1.2 11.8 | | 
Jan. 16, 1946 " 1.4 11.0 1.1 | 10.8 | 9.7 
June 7, 1946 = 1.2 10.9* 9.7 
May 24, 1946 G | 0.6 10.5* 9.9 
Dec. 26, 1945 PS 0.6 8.6 


*Hydrolyzed 1 hour at 100° in 2. nN HCl; all other samples hydrolyzed 2 hours at 
90-95° in 2 n HCl. 
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were determined. The values for free glutamic acid varied from 0.6 to 
1.7 mg. per 100 ml. Glutamic acid set free by a short hydrolysis in dilute 
hydrochloric acid amounted to 8 to 12.1 mg. per 100 ml. This fraction 
corresponds most probably to the glutamine fraction of plasma or serum. 
Under conditions of protein hydrolysis, an additional amount of approxi- 
mately 1 mg. of glutamic acid was liberated per 100 ml. of serum 
ultrafiltrate. 
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COMPARATIVE DISTRIBUTION OF A STIMULATORY FACTOR 
FOR STREPTOCOCCUS FAECALIS R AND THE MONKEY 
ANTIANEMIA FACTOR* 


By W. R. RUEGAMER, JACK M. COOPERMAN, E. M. SPORN, 
ESMOND E. SNELL, ano C. A. ELVEHJEM 
(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, November 29, 1946) 


Recently, the existence of a heat-labile substance in liver and milk which 
greatly stimulates the growth of Streptococcus faecalis R was reported (1). 
The effect of certain untreated natural supplements on the growth of 
Streptococcus faecalis was originally investigated to determine whether the 
stimulatory factor for this organism could be identical with a heat-labile 
factor essential for normal growth and blood composition in the monkey 
(2-5) and thus provide a rapid assay method for this factor. 

In the present paper, additional data on the comparative distribution of a 
stimulatory factor for Streptococcus faecalis R and the monkey antianemia 
factor are presented. 


EXPERIMENTAL 


Assay with Streptococcus faecalis R—The purified basal medium for 
8. faecalis contains, per 10 cc., hydrolyzed casein 50 mg., l-cystine 2 mg., 
glucose 200 mg., sodium acetate 200 mg., tryptophane 500 y, adenine 100 
y, guanine 100 y, uracil 100 y, pyridoxine 20 y, niacin 5 y, riboflavin 2 y, 
calcium pantothenate 1 y, thiamine 1 y, p-aminobenzoic acid 1 y, folic 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. The subject matter of this paper has been undertaken in cooperation 
with the Committee on Food Research of the Quartermaster Food and Container 
Institute for the Armed Forces. The opinions or conclusions contained in this report 
are those of the authors. They are not to be construed as necessarily reflecting the 
views or indorsement of the War Department. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for crystalline 
vitamins; to The Wilson Laboratories, Chicago, for liver powder 1:20 and whole liver 
powder; to E. R. Squibb and Sons, New York, for desiccated whole liver and lyophil- 
ized liver; to the Lederle Laboratories, Inc., Pearl River, New York, for synthetic 
folic acid and several liver fractions; to the VioBin Corporation, Monticello, Illinois, 
for liver preparations; to Dr. Werner Jafié, Caracas, Venezuela, for his assistance; 
and to Dr. H. R. Bird, Bureau of Animal Industry, Beltsville, Maryland, for a sample 
of the cow manure factor. 
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acid 0.05 y, biotin 0.004 y, Salts A' 0.05 ce., Salts B? 0.05 cc., and a tryp- 
tic digest of casein 6 mg.’ This is a complete medium for S. faecalis in 
that it permits rapid development of a visibly turbid culture from a small 
inoculum. 

Unheated supplements prepared from liver are not essential for growth 
of the organism, but stimulate the rate of growth; that is, heavy cultures 
are obtained more rapidly in the presence of the stimulatory material. 

Extracts for assay were prepared by homogenizing 1 part of fresh material 
with 3 parts of cold water in a Waring blendor for a period of 3 minutes, 
The resulting mixture was filtered through paper and subsequently through 
a sterile Seitz filter. Aliquots of this extract were diluted as necessary with 
sterile distilled water and added aseptically to the assay tubes containing 
the previously autoclaved basal medium. All tubes were then inoculated 
with 2 drops of a dilute inoculum prepared by diluting an actively growing 
culture of Streptococcus faecalis with sterile saline (0.9 per cent) until the 
turbidity of this suspension gave a reading of approximately 94 to 95 on 
the Evelyn galvanometer scale. The assay tubes were then allowed to 
incubate at 37° for 14 hours, and the comparative growth in each tube was 
measured turbidimetrically in the Evelyn colorimeter, with Filter 660 
and the test-tube holder set for 6 ec. A typical growth response for an 
active material such as liver is given in Fig. 1. 

Because the large amount of sample needed in some cases produced 
appreciable color in the basal medium, the growth was also measured by 
titrating with 0.1 N NaOH the acid present in each assay tube at the end of 
the 14 hour incubation period. A titration curve for the same liver 
preparation as that shown in Fig. 1 is given in Fig. 2. Similar activities 
were obtained by both methods. 

It is evident from Fig. 2 that the differences in acid production on the 
supplemented and unsupplemented media are not large, and, therefore, 
various modifications of the above medium have been tried in order to 
increase this difference. When sodium citrate at a level of 2 per cent was 
used in place of sodium acetate as the buffer for the medium, much greater 
acid production was observed in all cases, and the differences between 
supplemented and unsupplemented media were increased (Fig. 2). This 
confirms the findings of Teply and Elvehjem (7) that citrate is a superior 
buffer for this organism. On this modified medium, differences in growth 
in supplemented and unsupplemented assay tubes could be observed 


' Salts A contains KH.PO, 5 gm., KzHPO, 5 gm., and H,0 50 ce. 

?Salts B contains MgSO,-7H.O 10 gm., NaCl 0.5 gm., FeSOQ,-7H,O 0.5 gm., 
MnS0O,-H,0 0.5 gm., and H,O 250 ce. 

* The enzymatic digest of casein is not essential for the growth of Streptococcus 
faecalis but was added as a source of ‘‘strepogenin’”’ (6) which is a stimulatory factor 


for a number of related organisms 
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turbidimetrically as early as 6 hours after inoculation. However, the most 
reliable results were obtained by potentiometric titration at the end of a 
12 to 14 hour incubation period at 37°. 

Neither of the above methods gives quantitative results. A few typical 
results are shown in Table I. If any single substance is selected as a 
standard, and the potency of a second material is calculated in terms of 
this standard, considerable variation in potency is found when the ealcula- 
tion is made from successive concentrations of the sample. The reason 
for these variations is not known, but they are undoubtedly associated with 
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Fic. 1. A typical growth curve for Streplococcus faecalis R, showing the effect of 
adding various amounts of an active liver preparation. 
the fact that the substance is stimulatory in nature. Under these con- 
ditions, and in short term assays, strict specificity for a single substance 
should not be expected. Preliminary evidence indicates, indeed, that at 
least two factors are involved in growth stimulation on this medium. One 
of these, as previously indicated (1), is very labile to heat; another appears 
to be fairly stable to autoclaving. In various source materials, therefore, 
variable amounts of the total activity are lost by autoclaving. When more 
than a single stimulatory factor exists, agreement in relative activities of 
different source materials at successive concentrations could not be 
expected. 

The relative potencies of a number of materials in stimulating growth of 
Streptococcus faecalis under the conditions described are given in Table II. 
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The potency of the different materials is expressed as good, fair, poor, and 


none, since more exact comparisons are not warranted at present. 
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Fic. 2. Titration curves showing the effect of added amounts of an active liver 


pre} aration on the crow th of Stre ptococcus faecalis R in acetate and citrate buffered 


media 


Assay with the Monkey—Details of this assay and results of feeding various 
potential sources of the monkey antianemia factor have been described 
previously (2-5). Adequate amounts of ascorbic acid and folic acid, 
together with all of the B vitamins (thiamine, riboflavin, pyridoxine, 
niacin, pantothenic acid, choline, i-inositol, p-aminobenzoic acid, and 
biotin) were fed daily as a separate supplement. The method for handling 
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TaBLe I 
Comparison of Activities at Successive Levels of Several Source Materials As Measured 
Turbidimetrically and Acidimetrically 


Material Purt metric Acidin 


per cent 


iransmi 10" 


Basal medium (citrate buffer) 70 29 
“ ™ + lyophilized liver 300 40 1.0 
30 44 3.5 
7 47 3. 
3 52 3.0 
0.3 54 2.7 
“ - + fresh liver 300 30 
30 40 3.7 
7 47 3 
3 51 0 
0.3 54 2.6 
“ ” + whole liver powder 300 46 3.7 
(Wilson) 30 49 3.3 
7 51 3.0 
3 55 2.6 


55 2.3 





TABLE II 


Relative Potencies of Number of Fresh Raw Materials As Compared to Liver for Stimu- 
lation of Growth of Streptococcus faecalis R in ‘‘Complete’’ Medium 


Liver (beef, pork) Good Corn steep Poor 
“¢  (rat) a | Asparagus = 
“ (chicken) - | Hard wheat 
(lyophilized es Grass 

Malt sprouts 5 | Corn bran 

Raw whole milk a Pasteurized milk 
“skim Spinach 
“* whey _ | Alfalfa ” 

Barley " Bacto-yeast 

Rat urine _ Fresh yeast 

Lederle Liver Preparation “ Beets None 
D1432 Oranges - 

Lyophilized Escherichia coli ss Cabbage _ 

Desiccated and defatted whole - Oat grass = 
liver substance (VioBin) Corn grits - 

Sardine meal " Linseed oil meal _ 

Tomatoes Fair Egg white _ 

Carrots e * yolk 

Whole yellow corn w= {aw cream 

Oats = Bird’s cow manure prepara 

Whole liver substance (Wilson ¥ tion 


Fish press water ~ Monkey urine 
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the monkeys has been described previously (8 Che animals used in this 
work received either Basal Ration M-2 containing 73 per cent sucrose, 
18 per cent casein, 4 per cent Salts IV ,*3 per cent cod liver oil, and 2 per cent 
corn oil, or a ration in which 40 per cent ol the ration (the oil excluded was 
replaced by corn grits. Those animals receiving Basal Ration M-2 had 
previously been rendered deficient in riboflavin and subsequently treated 
with ample amounts of riboflavin. However, as was found before (9), the 
response of these animals to riboflavin therapy was not complete and a 
source of the labile monkey antianemia factor was necessary to restore the 
blood and growth picture to normal. Active substances included raw beef 
and pork liver, lyophilized liver, whole liver substance, raw whole milk, 
raw skim milk, and raw whey. Corn grits, liver powder 1:20, raw cream, 


and brewers’ veast were almost completely inactive When extracts of 
TaB_e III 
(clivities of Seve al Source Vaterials for Vonke j {nfianemia Factor 
Supplement Monkev N I | } 
Fresh tomato juice (100 ce l 1040 1950 13.04 14.67 
per day) 2 2650 2920 11.98 14.49 
Fresh orange juice (200 cc l 2800 2840 11.98 11.98 
per day) 
Malt sprouts extract* (100 I 1450 5620 8.46 14.67 
ec. per day 2 2720 3000 11.88 14.78 
Lederle Liver Preparation 3000 3700 11.28 14.0 


D1432 (3 gm. per day 

* A water extract was prepared by homogenizing | part of malt sprouts with 10 
parts of water in a Waring blendor and filtering off the water extract through cheese- 
cloth 
these materials were assayed microbiologically, all materials active for the 
monkey were also active for Streptococcus faecalis and vice versa. To 
supplement these data, additional materials which were both active and 
inactive for Streptococcus faecalis were fed to monkeys receiving either 
Basal Ration M-2 or the corn grits ration. 

The pertinent data are summarized in Table III. Each monkey used for 
assay had shown either no gain or had lost weight in the 30 days preceding 
use for assay. Supplementation at the indicated level was continued in 
each case for 1 month. 

It is evident from Table III that each of the active substances for 
Streptococcus faecalis which had not been tested previously in monkeys 
showed activity for this animal, while orange juice, inactive for Streptococcus 
faecalis, was also inactive for the monkey. 


‘Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 
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DISCUSSION 


From Table II it is apparent that fresh raw liver (whether beef, pork, 
rat, or chicken), lyophilized liver, malt sprouts, barley, raw whole milk, 
raw skim milk, raw whey, etc., are the best sources of the factor for Strepto- 
coccus faecalis R. Rat urine also possesses high activity, but monkey 
urine was found to be inactive. If the bacterial and monkey factors are 
identical, these results can be explained on the basis that the diets fed the 
monkeys were low in this factor and that very little was being produced by 
the intestinal flora. Rats, on the other hand, grow normally on diets 
deficient in this factor, and may synthesize and excrete considerable 
amounts of it. Further studies of this interesting aspect of the problem 


are being carried out at the present time. 


TaBLE IV 


Comparative Activities of Various Materials for Streptococcus faecalis and Monkey 


Material Microbiological assay Monkey assay 
flaw liver (beef or pork).. Active Active 
whole milk c< “s 

“ skim 
“ whey ‘ 
Lyophilized liver “ 
Malt sprouts T 
“ 


Tomatoes 

Lederle Liver Preparation D1432 
Liver 1:20 powder Inactive Inactive 
Brewers’ yeast - - 
Orange juice 

Corn grits 


The inactivity of beets as a source of the factor for Streptococcus faecalis 
verifies the earlier observation that glutamine is inactive under these 
conditions in stimulating growth of Streptococcus faecalis 

In a recent paper, Bosshardt et al. (10) reported that extracts of liver 
powder 1:20 stimulate growth in the mouse. Since liver powder 1:20 is 
inactive for the monkey, the present factor seems to differ from that de- 
scribed by Bosshardt. This product shows activity for Streptccoccus 
faecalis which varies from sample to sample. An active concentrate of the 
cow manure factor (11, 12), sent to us by Dr. Herbert Bird, failed to 
stimulate growth of Streptococcus faccalis at levels of 3 to 300 mg. per 10 
cc. of basal medium. 

The agreement in distribution of the monkey factor and the bacterial 
factor is most striking, and is summarized in Table IV. However, except 
for crude materials the agreement in distribution is not complete. A cold 
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water extract of malt sprouts, for example, was active for both Strepto- 
coccus faecalis and the monkey, but a 50 per cent alcohol extract of malt 
sprouts showed activity for the microorganism and not for the monkey 
Similarly, the bacterial factor is adsorbed by charcoal from aqueous alcohol 
solution and is eluted by ethanolic ammonia. Such eluates show no 
activity for the monkey. Despite the apparent agreement in distribution 
in crude materials, therefore, the two growth factors do not appear to by 


identical. 


SUMMARY 


Two semisynthetic media are described which contain all of the sub- 
stances essential for growth of Stre plococcus faecalis R. and which permit 
rapid growth of this organism. When small inocula and short incubation 
periods are used, growth and acid production by this organism on these 
media are materially stimulated upon addition of one or more substances 
present in cold water extracts of many crude materials. Among the best 
sources of the factor (or factors) are liver preparations, milk products, 
and certain grains. Leafy materials are poor sources of the factor. 

Some of the source materials which were tested with Streptococcus 
faecalis were fed to monkeys as potential sources of the monkey antianemia 
factor. Good correlation was found between the two methods of assay 
when crude preparations were used. With partially purified fractions, no 
such correlation exists, and it appears at present that activity for the 
monkey cannot be followed by the bacterial assay. 
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COENZYME FOR ACETYLATION, A PANTOTHENIC ACID 
DERIVATIVE’ ! 
é sub- - 
: srs: 
permit 
bation The action of a novel coenzyme of general occurrence was first observed 
| these with acetylation of aromatic amines in liver preparations.' The analogous ' 
tances acetylation system for choline in brain was subsequentiy found to require ) 
ie best the same coenzyme,” undoubtedly identical with the activator for choline 
ducts, acetylation concurrently described by Feldberg and Mann,* Nachmansohn | 
and Berman,‘ and Lipton.’ Recently, by a variation of the steps described 
coccus varlier,® we obtained a preparation of this coenzyme which was 700 times as 
nemia | active as the original boiled pork liver extracts. This preparation was sub- 
assay jected to a thorough vitamin analysis. None of the known B vitamins 
ns, no | were found in more than traces. It was observed, however, that by pro- 
wr the longation of the routine treatment with clarase-papain before the assay’ 


the pantothenic acid values increased slowly. Therefore 8-alanine* was 

determined in the acid hydrolysate and values were obtained corresponding 

toa content in the coenzyme of 10 per cent pantothenic acid. Eventually 

. Biol. pantothenic acid was liberated by a combination of two enzymes previously 
found’ to inactivate the coenzyme (Table I). 





1945). |} _ . . : ’ : , 
V : lo characterize the coenzyme further as a pantothenic acid derivative, 
‘Vv uir., ‘ P = ° 
the pantothenic acid content and coenzyme activity were compared in a 
A & series of preparations (Table II). 
The constancy of vitamin content per unit gives further evidence that 
Biol. antothenic acid is part of the coenzyme. 
I : 
| — . , 
* This work was supported by a grant from the Commonwealth Fund. 
| PI 
} 1 Lipmann, F., Federation Proc., 4, 97 (1945); J. Biol. Chem., 160, 173 (1945). 
Vutr., | * Lipmann, F., and Kaplan, N. O., J. Biol. Chem., 162, 743 (1946). 
’Feldberg, W., and Mann, T., J. Physiol., 104, 411 (1946). 
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5 Lipton, M. A., Federation Proc., 5, 145 (1946). 
., 32, * Lipmann, F., and Kaplan, N. O., Federation Proc., 5, 145 (1946). 
7 Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 136, 213 
hem., , (1940). 
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REVERSIBLE OXIDATIVE DECARBOXYLATION OF MALIC 
‘ ACID* 


Sirs: 

The mechanism of CQO, fixation in pigeon liver extracts' has remained 
rather obscure. We have now obtained from pigeon liver an enzyme prep- 
aration that, in the presence of manganese ions, catalyzes the reversible 
reaction, 

l-Malic acid + TPN,, = pyruvic acid + CO, + TPNyea 1) 
Asis shown in Fig. 1, Reaction 1 can be followed spectrophotometrically in 
either direction at the wave-length 340 mu. 
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Fic. 1. Spectrophotometric course of Reaction 1. All samples contained 0.04 m 
glyeylglycine buffer, pH 7.4, liver enzyme with 88 y of protein, and 1 mm of MnCl, 
ina volume of 3.0 ecc.; temperature 22°. Curve 1, 0.135 mm of TPN., and 0.448 mm 
of l-malate at 0 time. Curve 2, either 0.135 mm of TPN., and 0.448 mm of fumarate 
at 0 time and, at arrow A, 0.448 mm of l-malate (@); or 0.21 mm of DPN. and 0.448 
ma of /-malate at 0 time, and, at arrow A, 0.135 mm of TPNoz (O). Curve 3, 0.135 
ma of TPN,, and 0.0895 mo of l-malate at 0 time; at arrow B either 12 mM of pyruvate 
(Curve 3a), or 0.3 ce. of 0.1 m NaHCO, saturated with CO. and 12 mm of pyruvate 
Curve 3b). 


The new enzyme has been purified 30- to 40-fold by fractionation with 


* Supported by grants from the United States Public Health Service, the Rocke- 
feller Foundation, the American Philosophical Society, and the American Cancer 
Society (recommended by the Committee on Growth of the National Research 
Council). 

'Wood, H. G., Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem., 169, 153 
(1945). Utter, M. F., and Wood, H. G., J. Biol. Chem., 164, 455 (1946). 
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alcohol at low temperature and fractional adsorption on alumina gel. It 
is specific for triphosphopyridine nucleotide (TPN). ‘There is no reaction 
with.diphosphopyridine nucleotide (DPN), fumarate, or phosphopyruvate? 
Neither inorganic phosphate nor adenosine triphosphate participates in 
this reaction. 

The preparation still contains oxalacetic carboxylase and some of the 
lactic dehydrogenase present in liver extracts. Since lactic dehydrogenases 
from different sources can react slowly with TPN,* TPN,.a is oxidized 
by the preparation on addition of pyruvic acid, but the rate of oxidation is 
markedly enhanced in the presence of NaHCO; saturated with CO, (see 
Fig. 1). Such acceleration does not occur with pure lactic dehydrogenase 
and indicates that the liver enzyme catalyzes Reaction 1 in either direction. 

l-Malic acid is formed through the TPN-linked dismutation, pyruvate 
+ CO, + glucose-6-phosphate = l-malate + 6-phosphogluconate, when 
the liver preparation is incubated with Mn**, pyruvate, COs, glucose-6- 
phosphate, and glucose phosphate dehydrogenase. 

Reaction 1 does not take place, whether in the presence of DPN or TPN, 
with a combination of pure malic dehydrogenase,‘ purified oxalacetic car- 
boxylase (from M. lysodeikticus), and manganese ions. 


Departments of Pharmacology and Chemistry SEVERO OcHOA 
New York University College of Medicine ALAN MEHLER 
New York ARTHUR KORNBERGS 


teceived for publication, January 17, 1947 


? We are indebted to Dr. Gerhard Schmidt for a supply of this substance. 

* Moulder, J. W., Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem., 160, 
305 (1945). Mehler, Kornberg, Grisolia, and Ochoa (to be published). 

‘Straub, F. B., Z. physiol. Chem., 275, 63 (1942). 

‘ Division of Physiology, National Institute of Health, United States Public 
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SUBSTANCES IN HUMAN SALIVA FROM “NON-SECRETORS’’* 


Sirs: 

In 1941 Landsteiner and I published a note on ‘‘Group-specific substances 
in human saliva’ in which it was shown that significant analytical differ- 
ences among isolated substances from the salivas of secretors were not 
demonstrable. At that time, too, the interest to be attached to the ex- 
amination of similarly isolated material from non-secretors was noted. 
Recently there has been a resurgence of interest in the subject (Kabat, 
Morgan and Waddell,’ Kazal*) which makes it worth while to record some 
fragmentary observations of relevance to the problem. 

A substance was isolated from saliva of group A “‘non-secretors.”” This 
material had physical and chemical properties similar to those previously 
recorded for the substances from secretors! but was inactive when tested 
for capacity to inhibit isoagglutination.’ Analyses carried out by pre- 
viously employed methods* revealed that this sample contained 5.00 per 
cent N, 2.46 per cent amino acid N (COOH-N, by Van Slyke’s ninhydrin 
method), 1.65 per cent hexosamine N, 44.2 per cent reducing sugars (as 
glucose), and 21.3 per cent hexosamine, after correction for moisture and 
1.40 per cent ash. 

A serological property of interest in connection with all of these saliva 
substances is the observation that they react strongly with antipneumo- 
coccus XIV horse serum in the cold, the A non-secretor substance perhaps 
in higher dilution than the others.’ 


Research Laboratories Ropert A. Harte 
The Arlington Chemical Company 
Yonkers 
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*The work reported herein was carried out by K. Landsteiner and the author 
at the Laboratories of The Rockefeller Institute for Medical Research in 1941-42. 
For various reasons work on the problem ceased some time prior to Landsteiner’s 
death in 1943. 

1 Landsteiner, K., and Harte, R. A., J. Biol. Chem., 140, 673 (1941). 

? Kabat, E. A., et al., J. Exp. Med., 88, 477 (1946). 

* Morgan, W. T. J., and Waddell, M. B. R., Brit. J. Exp. Path., 26, 387 (1945). 

‘Kazal, L., personal communication, 1946. 

5 Landsteiner, K., and Harte, R. A., J. Exp. Med., 71, 551 (1940). 

* Landsteiner, K., J. Exp. Med., 63, 188 (1936). 

™ Goebel, W. F., et al., J. Biol. Chem., 129, 455 (1939); J. Exp. Med., 70, 239 (1939). 
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ON THE UTILIZATION OF GLYCINE FOR URIC ACID 
SYNTHESIS IN MAN 
Sirs: 

Sonne ef al.t and Buchanan and Sonne? have recently reported on the 
origin of the carbon atoms of uric acid in the pigeon. They find that 
glycine or a metabolic derivative is probably the precursor of carbon atom 
4of uric acid. In experiments already reported* we fed glycine labeled 
with N“ to a male human adult; uric acid was isolated from 24 hour urine 


66 gm. of glycine containing 32.4 atom per cent N*5 excess were fed to amale 
human adult for 3 days and urinary uric acid isolated on subsequent days. 














N45 concentration, atom per cent excess 











Days from start Uric acid nitrogen, position No 
of feeding ee ee et nae = —_ 
T ~ ue. 1 and 3 ; 9° 
0.078 0.028 0.241 0.015 
4 0.459 0.178 1.38 0.100 
9 0.308 0.144 0.800 0.144 
14 0.251 0.143 0.590 0.128 
39 0.095 


* These values are calculated from the isotope concentration of the total uric 
cidand nitrogens1,3,and7. Cwo9=4Cwra29 — (2Cn1.3+Cwz). These values, 
being the difference of two comparatively large numbers, must have « considerable 
error associated with them. 





specimens in order to study its rate of synthesis and the sources of its nitro- 
gen atoms. The results obtained demonstrate that in man the nitrogen 
atom in the 7 position of uric acid arises directly from the amino group of 
glycine and that prebably the carbon atom 5 is derived from the a-carbon 
atom of glycine. Although uric acid metabolism differs in some respects 
in the pigeon and in man, the results here reported, in conjunction with 
those of Sonne and his collaborators, indicate that both species directly 
utilize glycine for the synthesis of uric acid by a mechanism whereby the 
atoms in glycine enter into the 4, 5, and 7 positions in uric acid. 
Estimations of N** concentration were carried out on uric acid. The 
average value for the nitrogen atoms | and 3 was obtained by degradation 


1Sonne, J. C., Buchanan, J. M., and Delluva, A. M., J. Biol. Chem., 166, 395 
1946). 

? Buchanan, J. M., and Sonne, J. C., J. Biol. Chem., 166, 781 (1946). 

*Shemin, D., and Rittenberg, D., J. Biol. Chem., 166, 627 (1946). 
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of uric acid to alloxantin,' that for the nitrogen atom 7 by the degradatioy 
of uric acid to glycine® (isolatee as the p-toluenesulfony! derivative). Hy. 
drolysis of uric acid by concentrated hydroc hloric acid at 185° for 24 hours 
results in the formation of ammonia, carbon dioxide, and glycine. Thaj 
the amino group of the isolated glycine is indeed the nitrogen 7 of uric acid 
has been shown by the isolation of sarcosine from 7-methyl uric acid and 
glycine and methylamine from 9-methyl uric acid... The isotope concen- 
trations found tn the alloxantin and glycine, and the calculated value fo 
position 9, are given in the table. It is clear that the nitrogen utom at 
position 7 has a source other than that of the others; whereas those at 
positions |,3,and 9 seem to be derived from nitrogen liberated by the oxida- 
tive degradation of amino acids in general, that at position 7 arises spe- 


cifically from glycine. 


Department of Biochemistry Daviv SHEMIN 
( lege of Ph ssSicians and Surqeor 8 1) It LNBEI 
Columbia University 
Vew Yori; 
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THE INACTIVATION OF PTEROYLGLUTAMIC ACID (LIVER 
LACTOBACILLUS CASEI FACTOR) BY LIGHT 
Sirs: 

It has been reported by Bloom e/ al.’ that pteroylglutamic acid (liver 
Lactobacillus casei factor) is moderately sensitive to light. These workers 
irradiated this compound at pH 11.0 with an H4 lamp and found a marked 
change in the ultraviolet absorption spectra. No data on_ biological 
inactivation were given. 

We have observed that pteroylglutamic acid in pure solutions is rapidly 
inactivated by light and that p-aminobenzoylglutamic acid is split off. 
This latter compound was shown? to be a degradation product of pteroyl- 
glutamic acid. 

Solutions of pteroylglutamic acid, 200 mg. (air-dried basis'!) were made 
up in 20 per cent ethanol solutions of 0.01 mM pH 7.0 phosphate buffer, 
0.1 HCl, and 0.1 N NaOH. They were exposed in 160 X 18 mm. Pyrex 
test-tubes to daylight by a west window, and 4 feet under a fluorescent 
lighting fixture. The light intensities as measured by a Weston exposure 
meter directed toward the source of the light were 32 candles per sq. ft. 
for the fluorescent light and 300 to 600 candles per sq. ft. for daylight by 
the window. The solutions were exposed 8 hours per day and were then 
assayed for pteroylglutamic acid with Streptococcus faecalis R by the method 
of Teply and Elvehjem,’ and analyzed for p-aminobenzoylglutamic acid 
(PABG) by the color reaction of Bratton and Marshall.‘ 

The results, which appear in the table, show that pteroylglutamic acid 
is rapidly inactivated by light and that the reaction proceeds most rapidly 
at pH 7.0 and most slowly in alkaline solutions. Similar results were 
obtained in aqueous solutions. Biological inactivation is accompanied 
by a liberation of free PABG which suggests that the point of cleavage is 
the bond between the aromatic nitrogen and the methylene carbon attached 
to the pterin. 

It should be noted that increasing the exposure from 6 to 24 hours at 
pH 7.0 decreased the amount of free PABG. This decrease has been 


‘Bloom, E. 8., Vandenbelt, J. M., Binkley, 8. B., O’Dell, B. L., and Pfiffner, 
J. J., Science, 100, 2596 (1944). 

? Angier, R. B., Boothe, J. H., Hutchings, B. L., Mowat, J. H., Semb, J., Stokstad, 
E. L. R., SubbaRow, Y., Waller, C. W., Cosulich, D. B., Fahrenbach, M. J., Hult 
quist, M. E., Kuh, E., Northey, E. H., Seeger, D. R., Sickels, J. P., and Smith, 
J.M., Jr., Science, 103, 2683 (1946). 

Teply, L. J., and Elvehjem, C. A., J. Biol. Chem., 157, 303 (1945). 

‘Bratton, A. C., and Marshall, E. K., Jr., J. Biol. Chem., 128, 537 (1939 


‘ ‘ 
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observed repeatedly and the nature of the reaction producing it will be 


the subject of a subsequent communication. 


Effect of pH on Stability to Light 








Sunlight 
Nature of solution irradiated A erro 
PABG Bioassay 
liberated 
Ars. per cent ee 
Buffer, pH 7.0 l 22.2 76 
7.0 6 56.0 12 
_ 24 26.0 0.15 
0.1 Nn HCl l 3.4 102 
— 6 58.5 32 
SS 24 87.0 0.10 
0.1 NaOH ] 2.4 10; 
0.1 = 6 18.] SO 
© Be 24 52.5 30 


Fluorescent light 


Moles 
PABG Bioassay 
liberated 
per ceng | PEF cent of 
ortginal 
=. 108 
55.5 37 
1.9 103 
1.0 72 
1.5 107 
5.1 104 


These results emphasize the necessity for avoiding exposure oi pteroyl- 
glutamic acid to sunlight during assay work. Fluorescent light, however, 
may be safely used, as 6 hours exposure produced only slight inactivation. 


Lederle Laboratories, Inc. 
Pearl River, New York 
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GROWTH OF CLOSTRIDIUM WELCHIT (BP6K 


Sirs: 
- We have found that 0.02 y of pyridoxamine dihydrochloride, 0.05 y of 
pyridoxal hydrochloride, or 20 y of pyridoxine hydrochloride per 10 ec. will 
_— support luxuriant growth of Cl. welchit when added to a medium consisting 
satel of vitamin-free casein hydrolysate! or nineteen amino acids, glucose, Ca 
_ pantothenate, thiamine, niacin, riboflavin, biotin, folie acid, adenine, 
guanine, uracil, and salts, of which magnesium and iron are important. 
A The nine amino acids essential for the rat and also glutamic acid, tyrosine, 
3 arginine, and serine are absolute requirements. 
Us 
( Pyridoxine Pyridoxal Pyridoxamine Bacterial 
hydrochloride ydrochloride lihydrochloride growth-turbidity 
07 
04 y per tubs y per tube per tube 
() 8) 0 0 
10 0 0 12 
royl- 20 0) 0 18 
ever. 0 0.05 0 17 
ef 0 0.10 0 20 
tion. 0 0 0.0! 11.5 
a () 0 0.02 15 
AM 
NIGEN Department of Biological Chemist M. Joux Boyp 
College of Medicine Mintan A. LOGAN 
Universily of Cincinnati \nrrRep A. TYTe.! 


Cincinna 
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DESAMIDATION OF AMIDES IN THE PRESENCE OF 
PYRUVATE FURNISHED BY CONCOMITANT 
REACTIONS 


Sirs: 
The desamidation of glutamine in aqueous extracts of rat liver is greatly 
increased by added pyruvate at a pH (6.5) at which glutaminase activity is 








minimal.!:? Similar findings have been noted with asparagine and 
eke = T T T l 
NH, -N FROM (GL vcyLoeHvOROAL ANINE + AM oc ) 
z val ~NHyN FROM GLYCYLDEHYOROALANINE=NH SN FROM AMIDE _| 
< 3P 
Zz 
C | 
2 
2 sol 2 
o | 
az 
3 ash d 
a j 
z 
a oe °} 
rere ! r ! i HY 








3 6 9 2 16 24 30 36 48 
DILUTION OF RAT LIVER EXTRACT 

Fie. 1. Relation between dilution of rat liver extracts and difference in ammonia 
N between mixtures of glycyldehydroalanine and amides and the sum of the digests 
of the peptide and of the amides considered separately. Abscissa, cc. of water added 
per gm. of fresh, homogenized tissue. The digests consisted of 1 ec. of extract, 1 ce. 
of veronal acetate buffer at pH 6.8, 1 ec. of water or 1 ec. of peptide at 0.025 mM, and 
either 1 cc. of water or 1 cc. of amide at 0.014 m. All data corrected for extract 
blanks. Incubation period 4 hours at 37°. The glutamine was kindly furnished by 
Dr. G. W. Pucher and Dr. J.S. Fruton. To illustrate the results plotted, the data 
for the first point (dilution 3) on the curve for glutamine are supplied here: NH3-N 
from 25 micromoles of dehydroalanine alone, 235 y; NH3-N from 14 micromoles of 
glutamine, 9 y; NH;-N from both together, 335 y. 


chloroacetylglutamine, but not with isoglutamine, chloroacetylasparagine, 
or benzoylargininamide. The same effect is obtained in digests of the 
susceptible amides with peptides of cystine or aminoacrylic acid (dehydro- 
alanine) which yield pyruvate on enzymatic degradation*:* (see Fig. 1). 
When glycyldehydroalanine is used as the source of pyruvate in rat liver 
digests with glutamine, asparagine, or chloroacetylglutamine, the ammonia 


1 Greenstein, J. P., and Carter, C. E., J. Biol. Chem., 165, 741 (1946). 
? Goncalves, J. M., and Greenstein, J. P., J. Nat. Cancer Inst., 7, in press (1946-47). 
? Greenstein, J. P., and Leuthardt, F. M., J. Nat. Cancer Inst., 6, 197 (1946). 
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produced with the more concentrated tissue extracts is greater than the 
sum of the ammonia contributed by the peptide and by the amide digested 
separately. This increase in ammonia is accomplished at the expense of 
desamidation of the amides, and the pyruvate is not consumed in the 
reaction.':? With dilution of the extract, the pyruvate effect diminishes 
and is finally lost, although considerable pyruvate is present as a result of 
powerful dehydropeptidase activity on the dehydropeptide.* 

The pyruvate effect on the desamidation of glutamine is noted only in 
extracts of liver and kidney, that of asparagine only in extracts of liver. 
Extracts of brain, pancreas, spleen, and muscle are lacking in this property 


for either amide. 


National Cancer Institut: Jos& M. GoNcALvEs 
National Institute of Health Vincent E. Price 
Bethesda, Maryland Jesse P. GREENSTEIN 
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and Schmidt, 387 
Cytochrome: Oxidase depression, phen- 
ylmercuric nitrate-induced, sulfhy- 
dry] effect, Cook and Perisutti, 827 


D 


Dehydroascorbic acid: Determination, 
spectrophotometric, Bolomey and 
Kemmerer, 781 
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Dehydrogenase: Succinic, neurons, re- 
generating, Howe and Flexner, 663 
—, system, tocopherol esters, effect, 
Basinski and Hummel, 339 
Dehydroisoandrosterone: Urine ster- 
oids, effect, Mason and Kepler, 73 
Diacetyl mutase: Green, Stumpf, and 


Zarudnaya, 811 
Di-8-chloroethyl (sulfide: Metabolism, 
effect, Black and Thomson, 283 


Diet: Guinea pig, essential factor, van 
Wagtendonk, 219 

van Wagtendonk and Freed, 225 

_ , — — deficiency, purine metab- 
olism, effect, van Wagtendonk, 219 
Liver lipide deposition, nephrectomy, 
effect, Ludewig and Chanutin, 35 
Diffusion cell: Tiselius apparatus, use in, 
Stern, Singer, and Davis, 321 
Dihydroxy-, 8-dimethyl-N-ethylbutyr- 
amide: a,y-, derivatives, antimalarial 
effect, Senear, Rapport, and Koepfli, 


229 

Dihydroxyphenylalanine: Metabolism, 
kidney and liver, scurvy effect, 
Sealock and Lan, 689 


Diphtheria: Porphyrin production, iron 


effect, Pappenheimer, 251 
Toxin, Pappenheimer, 251 

— production, iron effect, Pappen- 
heimer, 251 

E 

Enzyme(s): Activity, mechanism, Ro- 
then, 299 
Adenine compounds, determination, 


spectrophotometric, use in, Kalckar, 
445 

Co-, acetylation, pantothenic acid 
derivative, relation, Lipmann, Kap- 
Novelli, Tuttle, and Guirard, 
S69 


Glutathione oxidation and hydrolysis, 


lan, 


Ziegenhagen, Ames, and Elvehjem, 


129 
Hydroxypurine compounds,  deter- 
mination, spectrophotometric, use 
in, Kalckar, 429 
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Enzyme(s)—continued: 
Purine compounds, determination, 
spectrophotometric, use in, Kalckar, 
429, 445, 461 
— metabolism, use in study, Kalckar, 
461 
Kalckar, 


lod 
‘i 


— ribosides, synthesis by, 


See also Acetylase, Cholinesterase, 
Dehydrogenase, 
Mutase, Oxidase, Pa- 
pain, Penicillinase, Pepsin, Phos- 


phatase, Phosphoesterase, Phospho- 


Chymotrypsin, 
Hexokinase, 


hexokinase, Succinoxidase, Transami- 
nase, Trypsin, Tyrosinase 
Ergosterol: Electrically activated, Whit- 
tier process, Dasler and Bauer, 581 
Erythrocyte (s): See Blood cell, red 
Esterase: Choline. See Cholinesterase 
Phospho-, borate — effect, 
Zittle, 297 
Ethyl sulfide: Di-8-chloro-, metabolism, 


intestine, 


effect, Black and Thomson, 283 
F 

Factor S: Chick nutrition, effect, Scott, 
Norris, and Heuser, 261 
Strepogenin, identity, Scott, Norris, 
and Heuser, 261 
Fat(s): Galactose utilization, effect, 
Nieft and Deuel, 521 
Fatty acid(s Blood serum albumin 
and, combination, Boyer, Ballou, 
and Luck, 407 
Fibrin: Blood plasma, §-chloroethy! 


vesicants, burns, and turpentine, 
effect, Chanulin and Ludewig, 313 
Folic acid: N-(4-(4-Quinazoline)ben- 
zoyl)glutamic acid, Martin, Moss, 
and Avakian, 737 
See also Pteroylglutamic acid 
Fumarate: Hydrogenation, heavy hydro- 
gen and Bacillus coli, relation, 
Farkas and Schneidmesser, 807 


G 


Galactose: Utilization, fat effect, Nieft 
and Deuel, 521 
Gas(es): Respiratory, determination, 


micro-, analyzer, Scholander, 235 
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SUBJECTS 


Globulin(s): Seed, amino acids, Smith 


and Greene, 833 
Glucose: Brain, convulsions, effect, 
Klein and Olsen, 747 


Glutamate: Blood and brain, distribu- 
tion, Klein and Olsen, 1 
Glutamic acid: Free and combined, 
blood plasma and serum, Prescott 
and Waelsch, 855 
Pteroyl-, light effect, Stokstad, Ford- 
ham, and de Grunigen, 877 
N-(4-(4-Quinazoline)benzoyl)-, folic 
acid, relation, Martin, Moss, and 
Avakian, 737 
Glutaric acid: a-Phosphotrihydroxy-, 
liver, isolation, Rapoport and Wag- 
ner, 21 
Glutathione: Oxidation and hydrolysis, 
enzymatic, Ziegenhagen, Ames, and 


Elvehjem, 129 
Glyceride(s): Liver, Sinclair and Chip- 
man, 773 


Glycine: Formation, carbon dioxide re- 
lation, Barker and Elsden, 619 
Uric acid synthesis, effect, Shemin and 


Rittenberg, 875 
Glycogen: Brain, convulsions, effect, 
Klein and Olsen, 747 


Growth: Benzyl chloride effect, Stekol, 





637 | 
Biochemical transformations, Beer- 
stecher and Shive, 49 


Carpet beetle, black, larvae, choles- 
terol and related compounds, effect, 


McKennis, 645 
Clostridium welchii, Boyd, Logan, and 
T ytell, 879 
Saccharomyces carlsbergensis, yeast and 
liver vitamin Bg effect, Rubin, 
Scheiner, and Hirschberg, 599 
Guanidoacetic acid: Blood serum, de- 
termination, Hoberman, 721 
Urine, determination, Hoberman, 721 


Guinea pig: Diet essential, van Wagten- 
| donk, 


— — deficiency, purine metabolism, 
effect, van Wagtendonk, 219 








219 | 
van Wagtendonk and Freed, 225 
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H 


Heart: See also Muscle 

Hemoglobin: Protoporphyrin prepara- 
tion from, Grinstein, 515 

Hepatectomy: Protein formation, methi- 
onine-iabeled radioactive sulfur in 


study, Tarver and Reinhardt, 395 
Hexokinase: Determination, spectro- 
photometric, Racker, 843 


Phospho-, determination, spectropho- 
tometric, Racker, 843 
Hexuronic acids: Determination, colori- 
metric, Dische, 189 
Homoandrostenediol -3 (8), 17a(a) -one- 
17: 17a-Methyl-A*-D-, isolation, adre- 
nocortical carcinoma, Hirschmann 
and Hirschmann, 7 
Hydrogen: Heavy, fumarate hydrogena- 
tion, Bacillus coli relation, Farkas 
and Schneidmesser, 807 
Molecular, activation, Proteus vulgaris 
effect, Farkas and Fischer, 787 
Hydroxypurine: Compounds, determina- 
tion, spectrophotometric, enzyme 
use in, Kalckar, 429 


I 


Indole-3-acetic acid: Bacteriophage syn- 
effect, Cohen and Fowler, 
625 

Insulin sulfate: Glendening, Greenberg, 
and Fraenkel-Conrat, 125 
Intestine: Mucosa, protein-polysaccha- 
ride complex, borate effect, Zitile, 
297 

Iron: Diphtheria porphyrin production, 
effect, Pappenheimer, 251 

— toxin production, effect, Pappen- 


thesis, 


heimer, 251 

K 
Ketoestrone-3-methyl ether: 16-, Huff- 
man, 273 


Ketoglutaric oxidase: a-, tissue, Stumpf, 
Zarudnaya, and Green, 817 
Kidney: Dihydroxyphenylalanine me- 
tabolism, scurvy effect, Sealock and 
Lan, 689 

See also Nephrectomy 








896 INDEX 
L Malaria—continued: 
° ° ° ° + i] arox | all 2 r l-e , 
Lactate: Blood and brain, distribution, a,y-Dihy wORy “Pe lime thyl-N-ethyl- 
Klein and Olsen 1 but, ramide, efiect, Senear, Rapport, 
sen, rn a ; 
» . id oenpti2 Dao.t 
Brain, convulsions, effect, Klein and ba aK wii cod 
Olsen 747 Malic acid: ] Jecarboxy lation, reversible, 
, , Ocho ehler. anc -ornbers: 
—, cyanide effect, Olsen and Klein, choa, Mehler, and Kornberg, 
739 871 
Lactic acid: Bacteria, amino acid require- Mercapturic “ . Synthesis, biologi- 
° P ° “ Slek« 27 
ments, factors influencing, Lyman, cal, as ae ; 637 
Moseley, Wood, Butler, and Hale, | Metabolism: Di-8-chloroethyl sulfide ef. 
; fect, Black and Thomson, 283 


177 


Lactobacillus casei: Factor, liver, light 


effect, Stokstad, Fordham, and dé 
Grunigen, 877 
Lactogenic hormone: Pituitary, Li and 
Fraenkel-Conrat, 495 


, esterification, methyl alcohol, ef- 
fect, La and Fraenkel-Conrat, 495 
Larva: Carpet beetle, black, cholesterol 
and related compounds, growth, ef- 
fect, Mc Kennis, 645 
Lipide(s): Liver, deposition, nephrec 
tomy, diet effect, Ludewig and Chan- 
ulin, 35 
Liver: Cholesterol Sinclair and 
Chipman, 773 
Dihydroxyphenylalanine metabolism, 
scurvy effect, Sealock and Lan, 689 
Glycerides, Sinclair and Chipman, 
773 
Lactobacillus casei factor, light effect, 
Stokstad, Fordham, and de Grunigen, 
877 


esters, 


Lipide deposition, nephrectomy, diet 
effect, Ludewig and Chanutin, 
35 
a-Phosphotrihydroxyglutaric acid iso- 
lation, Rapoport and Wagner, 
621 
Vitamin Bg, Saccharomyces carlsbergen- 
sis growth, effect, Rubin, Scheiner, 
and Hirschberg, 599 
See also Hepatectomy 
Lung: Metabolism, phosgene poisoning, 
Simon, Potts, and Gerard, 303 


M 


Malaria: Antimalarial agents, synthesis, 


Senear, Rapport, and Koepfli, 
229 





Methionine: -Labeled radioactive sulfur, 
protein formation, hepatectomy, use 


in study, Zarver and Reinhardt, 
395 
Labeled, urine sulfur partition, cysti- 
nuria, use in study, Tarver and 
Schmidt, 387 
Methylene blue: Bilirubin and, com- 

pound, Reinhold and Fowler, 

401 
Urine bile pigment test, mechanism, 
Reinhold and Fowler, 401 


Methyl-A'-D-homoandrostenediol-3 (8),- 


17a(a)-one-17: l7a-, isolation, 
adrenocortical carcinoma, Hirsch- 
mann and Hirschmann, 7 


Methylnicotinamide: N'-, acetone and, 


condensation product, fluorescent, 


Huff, 151 
Huff and Perlzweig, 157 
Levitas, Robinson, Rosen, H iff, and 
Perlzweig, 169 
: product, synthesis and 
properties, Huff, 151 
—, urine, determination, fluorometric, 
Huff and Perlzweig, 157 


Aspartic acid syn- 
Larsen, 


Microorganism (s 
thesis, biotin relation, Stokes, 
and Gunness 613 

Milk: Vitamin A, Parrish, Wise, and 
Hughes, 673 

Mold: See also Saccharomyces 

Monkey: Antianemia factor, Strepiococ- 
cus faecalis-stimulatory factor, rela- 
tion, Ruegamer, Cooperman, Sporn, 


Snell, and Elvehjem, 861 


Mononucleotide(s Tobacco mosaic 
virus nucleic acid, identification, 
Schwerdt and Loring, 593 
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ible, 


871 
logi- 
637 
> ef- 
283 
fur, 
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395 
ysti- 
and 
387 


Om- 


401 
ism, 
401 
8), 
Lion, 
*sch- 
7 
and, 
ent, 
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and 
169 
and 
151 
tric, 
157 
syn- 
rsen, 
613 
and 
673 


C0c- 


rela- 


0rTn, 
861 
psaic 
tion, 
593 





SUBJECTS 


Mosaic: Virus, tobacco, nucleic acid, 
mononucleotides, identification, 
Schwerdt and Loring, 593 


—, —, tobacco and phlox plants, com- 
parison, Gaw and Stanley, 765 
Muscle: Heart, choline acetylase, Nach- 

mansohn, Berman, and Weiss, 
295 


Striated, choline acetylase, Nachman- 


sohn, Berman, and Weiss, 295 
Mutase: Diacetyl, Green, Stumpf, and 
Zarudnaya, 811 
Myosin: Jakus and Hall, 705 


N 


Nephrectomy: Liver lipide deposition, 
diet effect, Ludewig and Chanutin, 


35 
Neuron(s): Regenerating, phosphocre- 
atine, Bodian and Mellors, 655 


—, succinic dehydrogenase, Howe and 
Flexner, 663 
Niacin: Determination, chemical, Muel- 
ler and Foz, 291 
Nicotinamide: N'-Methyl-, acetone and, 
product, fluorescent, 
Huff, 151 
Huff and Perlzweig, 157 
Levitas, Robinson, Rosen, Huff, and 


condensation 


Perlzweig, 169 
—, — —, — product, synthesis and 
properties, Huff, 151 


urine, determination, fluorometric, 
157 


Huff and Perlzweig, 
Nicotinic acid: Derivatives, excretion, 
tryptophane effect, Sarett and Gold- 


smith, 293 
Perlzweig, Rosen, Levitas, and Rob- 
inson, 511 
Determination, Proteus HX19 use, 
Grossowicz and Sherstinsky, 101 


Metabolism, calf nutrition, réle, John- 
son, Wiese, Mitchell, and Nevens, 

729 

Nitrogen: Urea, determination, micro-, 

colorimetric, xanthydrol use, Engel 


and Engel, 535 
Nucleic acid: Tobacco mosaic virus, 
mononucleotides, identification, 
Schwerdt and Loring, 593 


| 
| 
| 
| 
| 
| 
| 
| 
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Nucleolysis: Pancreas protein, crystal- 
line, activity, Laskowski and Ka- 
zenko, 617 

Nucleotide(s): Mono-, mosaic 
virus nucleic acid, identification, 
Schwerdt and Loring, 593 

Pyridine, blood cell, red, determina- 
tion, fluorometric, Levitas, Robinson, 
Rosen, Huff, and Perlzweig, 169 

Nutrition: Chick, factor § effect, Scott, 

Norris, and Heuser, 261 


tobacco 


oO 


Oil: Soy bean, meal, amino acids, essen- 


tial, Riesen, Clandinin, Elvehjem, 
and Cravens, 143 
Oxidase: Cytochrome, depression, 


phenylmercuric nitrate-induced, 
sulfhydryl effect, Cook and Perisutti, 
827 

a-Ketoglutaric, tissue, Stumpf, Zarud- 
naya, and Green, 817 
Pyruvic, tissue, Stumpf, Zarudnaya, 
and Green, 817 
Succin-, tetrathionate effect, Philips, 


Gilman, Koelle, and Allen, 209 
P 
Pancreas: Protein, crystalline, nu- 


ceolytic and proteolytic activities, 

Laskowski and Kazenko, 617 

Pantothenic acid: Derivative, coenzyme 

for acetylation, relation, Lipmann, 

Kaplan, Novelli, Tuttle, and Guirard, 

869 

Papain: Proteolysis, hydrogen ion con- 

centration effect, Hoover and Kokes, 

199 

Penicillin: Determination, manometric, 

Henry and Housewright, 559 

-Penicillinase reaction, kinetics, Henry 

and Housewright, 559 
Penicillinase: Housewright and Henry, 


55 

Henry and Housewright, 559 
Determination, manometric, Henry 
and Housewright, 559 


Inhibitors, effect, Henry and House- 


wright, 559 
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Penicillinase—continued: 


Penicillin-, reaction, kinetics, Henry | 


and Housewright, 559 
Production, purification, and applica- 
tion, Housewright and Henry, 553 


Pepsin : Tyrosinase effect, Edman, 301 
Phenylalanine: Synthesis, tyrosine ef- 


fect, Beerstecher and Shive, 527 
Phenylmercuric nitrate: Action, Cook 
and Perisutti, 827 


Cytochrome oxidase and yeast respira- 
tion depression by, sulfhydryl ef- 


fect, Cook and Perisuttt, 827 
Phlox: Tobacco mosaic virus, Gaw and 
Stanley, 765 
Phosgene: Lung metabolism, effect, 
Simon, Potts, and Gerard, 303 

Phosphatase: Citrus fruit, Azelrod, 
vi 


Phosphate (s) : Brain, convulsions, effect, 


Klein and Olsen, 747 

—, cyanide effect, Olsen and Klein, 
739 

Phosphocreatine: Neurons, regenerat 
ing, Bodian and Mellors, 655 
Phosphoesterase: Intestine, borate ef 
fect, Zittle, 297 
Phosphohexokinase : Determination, 


spectrophotometric, Racker, S43 
Phosphotrihydroxyglutaric acid: a-, 
liver, isolation, Rapoport and Wag- 
ner, 621 
Photometer: Flame, sodium and potas- 
sium determination, biological ma- 
terials, Hald, 199 
Pigment(s): Bile. See Bile pigment 
Pituitary: Adrenotropic hormone, prepa 


ration, Fishman, $25 
Lactogenic hormone, Li and Fraenkel 
Conrat, 495 


esterification, methyl alcohol, 


effect, Li and Fraenkel-Conrat, 


195 
Polysaccharide: Protein-, complex, in- 
testine, borate effect, Zzitle, 297 


Porphyrin: Diphtheria, production, iron 
effect, Pappenheimer, 251 
Proto-, Grinstei? . 515 


, preparation from hemoglobin, Grin- 


stein. 515 





INDEX 


Potassium: Biological materials, deter- 
mination, flame photometer use, 
Hald, 499 

Pregnane: Derivatives, absorption spec- 
tra, Furchgott, Rosenkrantz, and 
Shorr, 627 

Pregnenediol-3 (8) , 17(8)-one-20: AS., 
isolation, adrenocortical carcinoma, 
Hirschmann and Hirschmann, 7 

Progesterone: Absorption spectrum, 
Furchgott, Rosenkrantz, and Shorr, 

627 

Protein(s): Blood plasma, tetanus anti- 

toxin, relation, Smith and Gerlough, 
679 

Containing fluids, chloride determina- 
tion, iodometric, Sendr ~, Van Slyke 
and Hiller, 107 
Formation, hepatectomy, methionine- 
labeled radioactive sulfur, use in 
study, Tarver and Reinhardt, 395 
Pancreas, crystalline, nucleolytic and 
proteolytic activities, Laskowski and 
Kazenko, 617 


Polysaccharide con ple x intestine, 


borate effect, Zzttle, 297 
Proteolysis: Pancreas protein, crystal- 
line, activity, Laskowski and Ka- 


zenko 617 
Papain, hydrogen ion concentration 
effect, Hoover and Kokes, 199 


Proteus: HX19, nicotinic acid deter- 
mination, use, Grossowicz and Sher- 
stinsky, 101 

Proteus vulgaris: Hydrogen, molecular, 
activation, Farkas and Fischer, 

g 

Protoporphyrin: Grinstein, 5L 

Preparation from hemoglobin, Grin- 


sfein, 515 


Cn ay 
or <j 


Pteroylglutamic acid: Light effect, Stok- 


stad Fordham, and de Grunigen 
877 

See also Folic acid 
Purine: Compounds, determination, 
spectrophotometric, enzyme use in, 
Kalckar, $29, 445, 461 
livdroxy compounds, determination, 
spectrophotometric, enzyme use 
in, Aalekar, 429 
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Purine—continued: 
Metabolism, enzyme use in, Kalckar, 
461 
—, guinea pig diet essential, defi- 
ciency effect, van Wagtendonk, 
219 
Ribosides, enzyme synthesis, Kalckar, 
477 
Pyo: II, biological properties, Wells, 
Hays, Wade, Gaby, Carroll, Jones, 
and Doisy, 53 
Pyocyanase: See also Pyo 
Pyridine: Nucleotides, blood cell, red, 
determination, fluorometric, Levitas, 
Robinson, Rosen, Huff, and Perl- 
Zweig, 169 
Pyridoxamine: Irradiated, antibacterial 
properties, Shwartzman and Fisher, 
345 
Pyridoxine: Analogues, tryptophane me- 
tabolism, effect, Porter, Clark, and 


Silbe a 573 
Deficiency, Ames, Sarma, and Elve- 
hjem, 135 


See also Vitamin B, 
Pyruvate: Amide desamidation, effect, 
Goncalves, Price, and Greenstein, 
S81 
Blood and brain, distribution, Klein 

and Olsen, 

Tissue amino acid formation, relation 
and mechanism, Arilzmann, 77 
Pyruvic oxidase: Tissue, Stumpf, Zarud- 


naya, and Green, 817 


R 


Respiration: Tissue, blood serum frac- 
tionation, relation, Warren, 543 
Respiratory gas(es): Determination, 


micro-, analyzer, Scholander, 


235 
Respirometer: Micro, Cartesian diver 
technique, Anfinsen and Claff, 27 


Ribose-3-phosphate : Ribose-5-phosphate 
and, differentiation, orcinol-pentose 
reaction, Albaum and Umbreit, 369 

Riboside(s): Purine, enzyme synthesis, 
Kalckar, 477 





S 


Saccharomyces carlsbergensis: Growth, 
yeast and liver vitamin By effect, 
Rubin, Scheiner, and Hirschberg, 

599 

Saliva: Human, Harte, 873 

Scurvy: Dihydroxyphenylalanine me- 
tabolism, kidney and liver, effect, 


Sealock and Lan, 689 
Seed(s): Globulins, amino acids, Smith 
and Greene, 833 


Sodium : Biological materials, determina- 
tion, flame photometer use, Hald, 
499 
Soy bean: See Bean, soy 
Steroid (s) : Absorption spectra, Furchgott, 


Rosenkrantz, and Shorr, 627 
Excretion, adrenocortical carcinoma, 
Hirschmann and Hirschmann, 7 
16-Substituted, Huffman, 273 
Urine, dehydroisoandrosterone effect, 
Mason and Kepler, 73 
Strepogenin: Factor 8, identity, Scott, 
Norris, and Heuser, 261 


Streptococcus faecalis: Stimulatory fac- 
tor, Ruegamer, Cooperman, Sporn, 


Snell, and Elvehjem, 861 
Succinate: Blood and brain, distribution, 
Klein and Olsen, 1 


Succinic dehydrogenase: Neurons, re- 
generating, Howe and Flexner, 


663 
System, tocopherol esters, effect, Ba- 
sinski and Hummel, 339 


Succinoxidase: Tetrathionate effect, 
Philips, Gilman, Koelle, and Allen, 
209 
Sugar: Blood plasma, 8-chloroethyl vesi- 
cants, burns, and turpentine, effect, 
Chanutin and Ludewig, 313 
Sulfhydryl: Compounds, cytochrome oxi- 
dase and yeast respiration, phenyl- 
mercuric nitrate-induced, _ effect, 
Cook and Perisuttt, 827 
Sulfur: Radioactive, methionine-labeled, 
protein formation, hepatectomy, use 

in study, Tarver and Reinhardt, 
395 
Urihe, partition, cystinuria, labeled 
methionine in study, Tarver and 


Schmidt, 387 








YOU INDEX 
T Turpentine: Blood plasma fibrin, choles- 
Tetanus: Antitoxin, blood plasma pro- oor nae sugar, effect, Chanutin 
teins, relation, Smith and Gerlough, - —— wg, 313 
679 | Tyrosinase: Chymotrypsin, effect, Ed- 
Tetrathionate: Succinoxidase,_ effect, pears sig , 301 
Pepsin, effect, Edman, 301 


Philips, Gilman, Koelle, and Allen, 


P Trypsin, effect, Edman, 301 
209 | : ’ 
i ° » > s « i , ‘Atg > 3} 
Thiamine: Amino acid _ substitution, Tyrosine: Phe aSregeer ~ nthesis, ef- 
“hi! ” te Rhcwe noe 
Bacillus paraalvei, nutrition, effect, : fect, Be ersteche 3 and S rs oes 
T atencloon 615 Synthesis, §8-2-thienylalanine effect, 
a: ‘ : . seerstecher d Shive 
Benzyl-(3)-thiazolium chloride ana- Be echer and Shive, 19 
logues, synthesis, Livermore and 


U 


Sealock, 699 

See also Vitamin B, 
Thiazolium: Benzyl-(3)-, chloride, thia- 
mine analogues, synthesis, Livermore 


Urea: Nitrogen, determination, micro-, 
colorimetric, xanthydrol use, Engel 
and Engel, 535 


and Sealock, 699 3 : , P ; 
. P : Uric acid: Determination, colorimetric, 
Thienylalanine: 8-2-, tyrosine synthesis, é ts 
. reg ferricyanide use, Silverman and Gu- 
effect, Beerstecher and Shive, 49 : 
‘ as age si bernick, 363 
Thionate: Tetra-, Philips, Gilman, | . , . ; 
: . Synthesis, glycine effect, Shemin and 
Koelle, and Allen, 209 . ae 
- : Rittenberg, 875 
Tiselius : Apparatus, diffusion cell, Stern, | at : ‘ 
Urine: Amidines, aromatic, determina- 


Singer, and Davis, 321 | 


ager tion, Jackson, Kuhl, and Irvin, 377 
Tissue: Respiration, blood serum frac- : 





Arginine determination, Hoberman, 


tionation, relation, Warren, 543 721 
° ° . . te 
Tobacco: Mosaic virus nucleic acid, , ; 
; : ce Bile pigment test, methylene blue, 
mononucleotides, identification, 


Schwerdt and Loring, 593 
, tobacco and phlox plants, com- 
parison, Gaw and Stanley, 765 

Tocopherol: Esters, succinic dehydroge- 
nase system, effect, Basinski and 
Hummel, 339 

Toxin: Diphtheria, Pappenheimer, 251 

—, production, iron effect, Pappen- 


heimer, 251 

See also, Antitoxin 
Transaminase : Deficiency, Ames, 
Sarma, and Elvehjem, 135 
Trypsin: Chymo-, tyrosinase effect, 
Edman, 301 
Tyrosinase effect, Edman, 301 
Tryptophane: Determination, Haus- 


childt, Isaacs, and Wallace, 331 
Metabolism, pyridoxine analogues, ef- 
fect, Porter, Clark, and Silber, 573 
Nicotinic acid derivatives, excretion, 
effect, Sarett and Goldsmith, 293 
Perlzweig, Rosen, Levitas, and Rob- 
inson, 511 





mechanism, Reinhold and Fovwler, 


401 


Guanidoacetic acid determination, 
Hoberman, 721 
N!-Methylnicotinamide determina- 
tion, fluorometric, Huff and Perl- 
zwetrg, 157 
Steroids, dehydroisoandrosterone ef- 
fect, Mason and Kepler, 7 


Sulfur eystinuria, labeled 
methionine in study, Tarver and 
Schmidt, 387 


partition, 


Vv 


Vesicant(s) : 8-Chloroethyl, blood plasma 
fibrin, cholesterol, and sugar, effect, 


Chanutin and Ludewig, 313 
Virus: Tobacco mosaic, nucleic acid, 
mononucleotides, identification, 
Schwerdt and Loring, 593 


— —, tobacco and phliox plants, com- 


parison, Gaw and Stanley, (60 


























SUBJECTS 901 


Vitamin (s): A, colostrum, Parrish, Wise, 


and Hughes, 673 
—, milk, Parrish, Wise, and Hughes, 
673 


B complex. See also Pantothenic acid 

B;. See also Thiamine 

Bg, liver, Saccharomyces carlsbergensis 
growth, effect, Rubin, Scheiner, and 
Hirschberg, 599 

—, yeast, Saccharomyces carlsbergensts 
growth, effect, Rubin, Scheiner, and 
Hirschberg, 599 

See also Pyridoxine 

See also Ascorbic acid 

See also Tocopherol 

See also Biotin 
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xX 


Xanthydrol: Urea nitrogen determina- 
tion, micro-, colorimetric, use in, 
Engel and Engel, 535 


Y 


Yeast: Respiration depression, phenyl- 
mercuric nitrate-induced, sulfhydryl 
effect, Cook and Perisutti, 827 

Vitamin Bs, Saccharomyces carlsbergen- 
sis growth, effect, Rubin, Scheiner, 
and Hirschberg, 599 
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